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ABSTRACT 
In this thesis, novel optical sampling techniques are theorised and demonstrated using 
quantum dot two-section passively mode-locked laser diodes (MLLDs) as an inexpensive 
and compact source of ultrashort light pulses on the order of a few picoseconds duration. 
 
The first technique, OSBERT (Optical Sampling By Electronic Repetition-Rate Tuning) is a 
single-laser optical sampling technique which was demonstrated using a MLLD whose 
repetition rate may be modulated electronically by varying the reverse bias applied to the 
saturable absorber section, whilst a constant forward bias is applied to the gain section. 
This is compared to standard repetition rate tuning which is typically performed by varying 
an internal or external laser cavity length, often using a motorised mirror. Splitting the 
pulse train into two copies and directing them through a highly imbalanced Michelson 
interferometer then gives rise to a temporal scan range which is proportional to the 
repetition rate modulation, scaled by the length of the passive delay line (the longer of the 
two interferometer arms). The technique was proven as an entirely non-mechanical 
alternative to traditional motorised translation stage methods of optical sampling as both 
a single and a two-photon absorption cross-correlator. Whilst scan ranges of up to 200ps 
were realised, the OSBERT method also successfully demonstrated distance 
measurements at scan rates of 10kHz, where target displacements between 100µm and 
1.0mm were detected at effective free-space distances of over 3m and 36m respectively, 
exhibiting accuracies of 10µm and 100µm respectively. Finally, the ability to detect cross-
correlations at up to 1MHz scan rates was shown, suggesting great potential for MHz level 
scan rates under future development. 
 
The second technique, SLECOPS (Single Laser Electronically Controlled OPtical Sampling) 
was developed from a theoretical basis. Whilst OSBERT is a technique specifically invented 
for the use of MLLDs, SLECOPS is potentially suited to any type of laser whose repetition 
rate may be varied via square wave modulation, and thus could be adopted by a vast 
variety of laser systems and their respective optical sampling applications. The theory 
outlines the potential to contend with the OSBERT technique in scan rate and in 
minimising characteristic laser output differences between pulse pairs used during each 
cross-correlation event.  
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SLECOPS is particularly interesting in that the technique involves asynchronous-type 
scanning (such as that used in two-laser sampling systems such as Asynchronous Optical 
Sampling and Electronically Controlled Optical Sampling) but uses only one laser. This led 
to the conceptualisation of the ‘virtual laser’, where just one laser can be said to function 
as two within the context of optical sampling. 
 
The selectable scan range and competitive scan rates of both OSBERT and SLECOPS as 
single laser optical sampling techniques thus pave the way for two section passively 
MLLDs to be deployed in fast, low-cost and compact optical sampling systems.  
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1. INTRODUCTION 
In this chapter, a brief overview of pulsed lasers is discussed, followed by a review of 
various optical sampling techniques and their achievements in a number of state of the art 
applications for reference throughout the thesis. A collection of these techniques are 
contrasted and graphically compared for their scan rates and scan ranges, and the 
potential for ultrafast semiconductor laser diodes in such systems is discussed. The 
research goals of the project are defined, and an outline of the thesis structure is provided. 
 
1.1. Ultrafast Photonics Overview 
First theorised by Albert Einstein in 1917 [7], the development of the laser since its 
eventual demonstration in the 1960s [8] has had a formidable impact on the shaping of 
the scientific world. From surgery and medical imaging, to computing and 
telecommunications, to distance and speed measurements and weapons and military 
applications, it is difficult to imagine the modern world without lasers in a great many 
aspects of even everyday life. In particular, the invention of techniques giving rise to 
pulsed lasing has led to immense scientific advances in the field of ultrafast photonics, 
where lasers emit a train of ultrashort pulses of duration ∆𝜏 at some repetition rate 𝑓𝑟𝑒𝑝, 
rather than continuous wave (cw) emission, see Figure 1-1. 
 
 
Figure 1-1 – A laser which emits a train of ultrashort pulses does so at some repetition rate 𝒇
𝒓𝒆𝒑
 giving rise 
to distinct peak and average optical powers.  
 
In particular, as can be seen, for shorter pulse durations and lower repetition rates, higher 
peak powers may be accessed, an advantage for reaching high instantaneous excitation 
energies required for example in non-linear optics (including two photon absorption (TPA) 
and second and third harmonic generation (SHG and THG)) compared to the equivalent 
average power of cw emission required. The characteristic pulsed output depends on both 
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the type of laser and the pulsing technique involved, which among others may include 
pulsed pumping, gain switching [9], q-switching or mode-locking [10], the latter of which is 
of particular interest and is discussed in greater detail in chapter 2. Active mode-locking 
[11] for pulse formation requires an external signal such as an acousto-optic modulator to 
modulate the intra-cavity dynamics to generate a pulsed output, whilst passive mode-
locking [12] involves an optical element such as a saturable absorber [13] or a Kerr lens 
[14] to be placed within the cavity itself. The ultrashort pulses generated from such 
techniques are of particular interest because in applications such as time-resolved 
spectroscopy[15], events occurring over significantly short durations (nanoseconds down 
to attoseconds) may be studied. As such, the temporal dynamics of biological, chemical or 
other physical reactions may be imaged, measured and analysed on a time-scale orders of 
magnitude faster than high speed cameras are capable of, due to the measurement 
windows being framed by light itself. 
 
Therefore, in recent decades there has been a drive towards the demonstration of ever-
shorter light pulse durations, see Figure 1-2. In fact, prior to the invention of the laser, 
flash lamps were being utilised for timing measurements and even flash photolysis [16], 
which is an early form of pump-probe spectroscopy. Ultimately, the shorter the pulse 
produced, the shorter the timescale accessible for scrutiny; to date the shortest pulse of 
light reported has a 67 attosecond duration [17]. 
 
 
Figure 1-2 - Optical pulse durations decreasing over recent decades alongside several milestones: pump-
probe experimental Foundations (flash photolysis) [16], first demonstration of a functioning laser [8], 
discovery of mode-locking [10], and the birth of Attoscience [18]. Data points in order from left to right: 
[19-23]  [17, 18]. 
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Ultrashort pulses not only come in various intensities and durations, but are produced by 
a wide variety of competing laser systems and their respective techniques, from highly 
commercialised doped fibre [24] or Titanium:Sapphire laser systems [25], to the 
semiconductor-based mode-locked laser diodes (MLLDs) used throughout this project. In 
contrast, MLLDs offer a highly attractive alternative to the bulk, complexity and expense 
of such commercial systems. These devices (which may be designed and grown in 
multiples in a clean room) offer a wide selection in terms of wavelength (which are 
accessible due to the ability to engineer the bandgap of the semiconductor material [3, 26, 
27]), pulse repetition rate, optical power and pulse duration in a significantly more cost-
effective and compact package than their commercially available counterparts. 
Additionally, many solid state lasers must be optically pumped using semiconductor laser 
diodes, which are then electrically pumped. Due to the vast variety of material 
composition and structures available, particularly of two-section passively mode-locked 
laser diodes, their output characteristics are also readily tunable over varying degrees on 
account of the semiconductor device’s response to electrical biasing conditions and 
operational temperature of each section, discussed further in Chapter 2. If we consider a 
commercially available system such as the Insight DeepSee+ [28], a Titanium:Sapphire 
laser with a combined optical parametric oscillator which may access a wide range of 
wavelengths, we bear in mind that not only do such systems come with a hefty price tag 
on the order of tens to hundreds of thousands of pounds, but require a complex cooling 
system and a great deal of electrical power to run. Such a system could conceivably be 
replaced by an array of versatile semiconductor laser diodes of various wavelengths at a 
fraction of the cost, operating under superior wall plug efficiency. 
 
As such, mode-locked laser diodes are becoming increasingly attractive sources when 
considered alongside steadily advancing optical sampling techniques and pump-probe 
spectroscopy applications within ultrafast photonics. The number of occurrences of 
scientific publication topics which include the above italicised phrases within the ‘Web of 
Knowledge’ since the 1950s were plotted per decade alongside the previous plot of 
decreasing pulse durations, see Figure 1-3. 
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Figure 1-3 - A historical snapshot illustrating the exponential increase in scientific studies involving mode-
locked laser diodes, optical sampling and pump probe measurements in the field of ultrafast photonics, 
alongside the ever-decreasing pulse durations being achieved in the state of the art. . 
 
Delving deeper into the demonstrated applications of such versatile and appealing laser 
diodes, we find they are being deployed very popularly within optical communications and 
data communications [29-31], and increasingly so within biophotonics and other 
biomedical applications [26, 32].  
 
However, limitations in both output powers (on the order a few watts peak power) and 
pulse durations (of a few picoseconds) mean that such devices are less regularly adopted 
for such techniques. In addition, the monolithic nature of mode-locked laser diodes as 
stand-alone lasers tends to give rise to very short cavity lengths, typically producing 
repetition rates of several GHz, meaning the pulse energy is also limited compared to the 
several killwatts, femtosecond pulse duration and 80MHz repetition rate of a 
Titanium:Sapphire system. These drawbacks can, however, be compensated for 
externally. The output power may be boosted by the use of a Semiconductor Optical 
Amplifier (SOA), whilst the pulse duration may be compressed, and the cavity length 
extended to an external cavity operation, leading to greater peak powers, shorter pulse 
durations, lower repetition rates and consequently greater pulse energies. Such external 
optics do then, however, detract from the compact and simple nature of a stand-alone 
monolithic MLLD. 
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1.2. Motivation and current trends 
Many optical sampling techniques have been under rigorous development in recent years 
due to their major impact in a number of important fields, including applications within 
attoscience [33], femtochemistry [34], and biomedical sciences [35]. As the work 
presented in this thesis surrounds the development of optical sampling techniques, 
several major examples in the field are detailed here for reference throughout the thesis.  
 
Adopting pump-probe spectroscopy as an example of an optical sampling technique, we 
consider a laser source capable of producing a pulse of light (the pump) typically with a 
duration that could range between femtoseconds and picoseconds. The pump pulse is 
directed towards a target of interest, exciting the phenomenon to be observed in the 
sample, and arrives there at time tpump. A much weaker second pulse (the probe, which for 
example may originate from a second laser or can be a copy of the pump pulse) follows 
after a desired delay in time tprobe such that Δt = tprobe - tpump, and is used to investigate the 
effects of the initial pump pulse at this offset time. This process is repeated at a variety of 
delay times in order to assess the sample’s response over the time window of interest 
known as the scan range; the smaller the delay step-size, the more detail in the response 
curve, see Figure 1-4. 
 
In addition, it is necessary to differentiate between the pump and probe after interaction 
with the target sample, which, depending on the setup, could be achieved by introducing 
a difference in the pump and probe’s respective polarisation or wavelength which can 
potentially remove the pump at the detector if it is passed through an appropriate filter, 
leaving only the resultant probe available to detect. The technique has been used (among 
other applications) to probe the ultrafast gain dynamics of semiconductor optical 
amplifiers [36] as well as the imaging of nodular melanoma in human skin with the 
potential to map tumour margins during excision [37].  
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Figure 1-4 – Pump Probe Spectroscopy; the temporal response of a target sample which has been excited 
by a high intensity pump pulse is sensed by temporally delaying the probe pulse with respect to the pump 
at increasing time delay intervals, a) to d).  
 
The state of the art is fuelled by a variety of techniques which may be adopted in order to 
introduce the delay between pump and probe, however most carry drawbacks in terms of 
cost, complexity, footprint or speed. Conventional delay line methods use an 
interferometer, where the pulsed beam from a single laser source is split into two paths; 
the pump is sent directly to the target on a stationary path, while the probe is sent 
through a variable delay line. If the delay line is composed of a mirror mounted on a 
mechanical translation stage, the delay between pump and probe interacting with the 
target may be adjusted from a delay of zero (whereby both arms are of the same length) 
to the maximum translatable range of the stage, see Figure 1-5. The translation distance in 
space Δx corresponds with a delay time Δt between pump and probe pulses at the target 
in the temporal domain such that ∆𝑥 =
1
2
∆𝑡 ∙ 𝑐, where c is the speed of light.  
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Figure 1-5 – The pump pulse in the stationary arm meets with the probe pulse from the mechanical 
translation stage arm at some target sample at a temporal delay proportional to the extension of the 
delay line length a) – d). This spatial domain schematic may be compared with the temporal domain 
schematic outlined in Figure 1-4. 
 
However, due to the high demand in stability and optical adjustment of mechanical 
translation stages, this method is unlikely to ever contend with non-mechanical 
alternatives; long delay lines require extremely accurate alignment over the entire 
scanning space, which dependent on the length, may lead to a difference in spot size 
across the scan. For example if a temporal dynamic of even a nanosecond is to be 
examined, a delay stage would need a total translatable distance of at least 15cm. Finally, 
in order to accurately read a temporal delay data point, the mechanical stage must 
precisely move a very small distance before the acquisition is made. This is ultimately 
limited by the speed of the physical motors involved, and as a result, scan rates are often 
limited to hundreds of Hz [38, 39]. 
 
An alternative, ASOPS [40-44] – Asynchronous Optical Sampling - is an optical sampling 
technique which introduces a delay between successive pump and probe pulses by 
instead utilising two pulsed lasers with a very small difference in repetition rate 𝑓𝑟𝑒𝑝 such 
that 𝛥𝑓 =  𝑓𝑝𝑢𝑚𝑝 – 𝑓𝑝𝑟𝑜𝑏𝑒, see Figure 1-6. 
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Figure 1-6 – Diagram illustrating the two-laser scanning system of ASOPS, using two slightly detuned 
repetition rates to investigate the sample.  
 
If 𝑇𝑟𝑒𝑝 is the roundtrip period of a laser with repetition rate 𝑓𝑟𝑒𝑝 such that 𝑓𝑟𝑒𝑝  =  1 𝑇𝑟𝑒𝑝⁄ , 
it is the continual temporal offset between successive pump and probe pulses which 
causes them to interact with the target at a proportionally increasing delay time with 
respect to each other, thus eliminating the need to manually delay them at a desired step 
size. As a result of this difference, the pulses will overlap in time again at every 1 / Δf, see 
Figure 1-7. 
 
The sampling step-size is given by Δf / fpump x fprobe and the number of points sampled is 
given by fprobe / Δf . This method improves upon the conventional mechanical translation 
stage by having no mechanical parts, and since two lasers are used, they may have 
different output wavelengths (two-colour spectroscopy) or polarisations and thus may 
easily be differentiated at the detector through the use of band-pass or polarising filters to 
block the pump. 
 
The method is also self-repeating due to the nature of the periodicity of each laser’s 
pulsed output, meaning that scanning repeats indefinitely once initiated, giving rise to the 
potential to quickly stack or average acquired scans, each of which will complete in a real 
time frame corresponding to 1 / Δf. To date ASOPS has been practically demonstrated  at 
scan rates of up tens of kHz [15]. 
 
9 
 
 
 
Figure 1-7 - The principle of ASOPS, whereby a) the pulses of one pulse train temporally ‘walk around’ the 
other, giving rise to b) a steadily increasing temporal delay between pump and probe pulses at a target 
position, due to c) the slight but constant difference in repetition rate of each laser. 
 
However, the scan range is fixed, equalling the roundtrip period of the pump laser, and 
may not be easily altered. Although GHz-repetition-rate ASOPS systems have been 
developed [45, 46], the technique is commonly demonstrated using lasers with a 
repetition rate 10s to 100s of MHz [40, 47-50], giving rise to scan ranges of 10 to 100 
nanoseconds. Given most time-resolved spectroscopy experiments are centred on the 
probing of ultrashort events which occur over the scale of picoseconds down to 
femtoseconds, such long temporal scan ranges tend to be in excess, leading to dead time 
while the scan completes. As stated, the step size is also limited to the offset dictated by 
the achievable difference in repetition rate, where too small a value for Δf will result in 
decreasing the scan rate. Additionally, the smallest achievable step sizes could be limited 
by the timing jitter in the system; if this results in too large a necessary step-size, the 
resolution may be too coarse to differentiate features within the dynamic target of choice 
[51]. Of course, the immediate drawbacks include that ASOPS requires two lasers, 
effectively doubling the costs and the complexity of locking electronics between them, as 
well as aligning and accurately desynchronising the repetition rate of the two beams at 
the target. Arbitrary Detuning ASOPS (AD-ASOPS) [52, 53] is a variant of the standard 
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technique developed recently, which claims to simplify the method by allowing both lasers 
to be free-running with no specific repetition rate requirements. 
 
Another variation which may overcome some of ASOPS’ drawbacks is ECOPS [54, 55] – 
Electronically Controlled Optical Sampling – which adopts some of the principles of ASOPS’ 
two pulsed laser system, see Figure 1-8. 
 
 
Figure 1-8 – Diagram illustrating ECOPS, whereby one laser repetition rate fpump remains constant, whilst 
the other is switched repeatedly between two preferred repetition rate values, fpump = fpump ± Δf .  
 
Whilst one laser maintains a constant repetition rate 𝑓𝑝𝑢𝑚𝑝, the repetition rate of the 
second laser is tunable using a mechanical piezo to vary the intra-cavity length, such that 
the frequency may be modulated in a square-wave regime between a user-defined 
maximum and minimum value with respect to the unmodulated laser, i.e. 𝑓𝑝𝑟𝑜𝑏𝑒 =
𝑓𝑝𝑢𝑚𝑝 ± ∆𝑓  see Figure 1-9. As the tunable laser’s repetition rate is switched from the 
maximum to minimum value, the resultant change with respect to the laser with a fixed 
repetition rate leads to the pump and probe pulses delaying asynchronously during the 
switch, which then repeats in reverse upon switching back to a maximum value. 
 
Kim and Yee [56] demonstrated terahertz time-domain spectroscopy in both ECOPS and 
ASOPS, and found a reduction in the overall measurement time by a factor of 50 in the 
ECOPS regime due to the selectable scan range being confined only to that of interest, 
eliminating the wasteful dead time associated with ASOPS, showing ECOPS’ potential to 
access increased scan rates, which to date however, has only been demonstrated up to 8 
kHz [57] in comparison. 
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Figure 1-9 – The principle of ECOPS; a) a representation of how the temporal pulse positions vary over 
time, b) the time-delay which results over real time due to c) the pump laser having a constant repetition 
rate whilst the probe laser’s repetition rate is modulated via square wave  
 
Like ASOPS, this method shares the drawbacks of the expense of utilising two laser 
systems, and complicated locking electronics required to both set the required 
parameters and detect them. Additionally, the introduction of a piezo to vary the laser 
cavity length throughout the scan may actually remove one of ASOPS greatest features: 
the ability to scan without any limiting mechanical parts whatsoever. As such, ECOPS is 
physically limited by the maximum achievable speed of the motors involved, though often 
cites the potential for increasing piezo bandwidths as potential for future development 
[58]. 
 
We then consider the OSCAT technique [59, 60] – Optical Sampling by laser CAvity Tuning. 
This method uses only one laser in combination with an imbalanced interferometer, 
where the pump pulses are sent directly to the sample via a short arm, and the probe 
pulses are sent via a longer delay line, temporally delaying them with respect to the pump 
pulses. However unlike the conventional mechanical stage methods described above, the 
delay line is stationary and significantly longer than the other arm, see Figure 1-10. 
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Figure 1-10 – Experimental setup of OSCAT; an interferometer design featuring a long delay line which is 
passive (no mechanical stage is required), whereby the temporal scanning instead comes about through 
the modulation of the lasers’ intra-cavity length which in turn modulates the repetition rate, a) – c).  
 
In this setup, the passive delay line (PDL) of length l and refractive index n is so long 
(spatially accommodating many roundtrip periods Trep = 1 / frep) that tuning the repetition 
rate by Δf causes a change in the delay time Δt between pump and probe pulses, where 
 
 
𝛥𝑡 =
𝑛𝑙𝑓𝑟𝑒𝑝
𝑐
(
1
𝑓𝑟𝑒𝑝
−
1
𝑓𝑟𝑒𝑝 + 𝛥𝑓
) 
(1) 
 
Upon each instance the repetition rate is varied (using a piezo stack to control the laser 
cavity length) the probe pulse is delayed further behind the pump pulse. If the mirror 
position is linearly ramped from a minimum to a maximum value (tuning the repetition 
rate inversely proportionally), this in turn linearly increases the temporal shift between 
successive pulses, and as such a continuous modulation (such as a triangular or saw tooth 
function) will give rise to repetitive scanning. Dependent upon the application, the choice 
of either a longer PDL length or greater repetition rate tunability may be selected in order 
to select the scan range, where optical fibre may serve as the PDL. 
 
This method has been applied successfully in a variety of applications including  terahertz 
spectroscopy, imaging and lidar [61-64], and whilst this single-laser design is far simpler 
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and potentially less expensive than ASOPS or ECOPS, fundamentally it still relies on a 
mechanically driven change in cavity length, meaning there are physical limitations on the 
potential for scan rate, which to date has mainly been practically demonstrated at a few 
hundred Hertz, with claims of cross-correlations acquired at rates approaching 1kHz [62].  
 
Though semiconductor laser diodes (SLDs) are extremely popular throughout the scientific 
and commercial worlds due to their inexpensive, simple and compact nature, their 
involvement in optical sampling techniques is more often as the target of the study rather 
than the laser excitation source. Various forms of SLD have been the subject of pump 
probe measurements in order to study their gain and absorber or carrier dynamics [36], 
though In this case MLLDs were used as both pump and probe sources. 
 
Momentum is gathering on the topic, however, as the search for semiconductor-based 
alternatives continues, such as in terahertz technology for example [65]. In 2008 Mihoubi 
et al [66] demonstrated an all-semiconductor Time-Domain Terahertz Spectroscopy (TDTS) 
system, where a mechanical delay stage was used to introduce the temporal delay 
between pump and probe pulses from a Vertical External Cavity Surface Emitting Laser 
(VECSEL). Similarly, Gebs et al [67] also demonstrated a TDTS system which was instead 
based upon the ASOPS technique. Being a two-laser method, they were successful in 
replacing one of the expensive and bulky Titanium:Sapphire lasers with an inexpensive 
and compact diode-pumped mode-locked VECSEL. Additionally, gain-switched laser diodes 
(GSLDs) have been successfully deployed as the laser excitation source in pump probe 
measurements, involving the slight detuning of two such laser’s electronic driving 
conditions in order to probe a target in a similar fashion to the ASOPS technique [9, 68-
70].  
 
Finally, it is important to note that the OSCAT technique itself was similarly adopted for 
OSREFM [71-73] – Optical Sampling by Repetition Frequency Modulation – whereby the 
same OSCAT principles are applied in particular to the modulation of the repetition rate 
produced by a GSLD. Though only demonstrated to lower scan rates of up to 100Hz, this 
single-laser technique does remove the need for any external mirrors or mechanical parts, 
as the repetition rate is modulated directly from the diode itself via the modulation of an 
input electric signal. However, this technique (demonstrating a terahertz time-domain 
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spectrometer) also required complicated locking electronics to both set and lock the 
repetition rate and tune it. It was noted that the system also exhibited extremely high 
pulse-to-pulse jitter of around 10 picoseconds (compared to the 200 femtosecond 
compressed pulse duration), which caused severe broadening in their terahertz signal 
compared to their comparative study which adopted a conventional mechanical stage 
scanning system. The high jitter values were attributed to both the driving electronics and 
the gain switching mechanism, and the laser instability was attributed to amplified 
spontaneous emission during the formation of the pulse. A comparison of the described 
major optical sampling techniques are summarised and tabulated, as their advantages and 
disadvantages are referenced regularly throughout the thesis, see Figure 1-11. 
 
  
Scan rate 
dictated by: 
 
Scan range 
dictated by 
 
Advantages 
 
Disadvantages Technique 
[References] 
Delay Stage 
 
[38, 39] 
The mechanical 
speed of a 
physical motor 
The length of the 
translation stage 
- 1 Laser 
- Simple setup 
- Scan range 
customisable 
- Low scan rates 
limited by 
mechanical parts 
ASOPS 
 
[40-44] 
The offset Δf 
between both 
lasers 
The roundtrip 
period T = 1/f 
- Fast scan rates and 
long scan ranges 
(depending on laser 
characteristics) 
- No mechanical 
parts 
 
- 2 Lasers 
- Double Costs 
- Complex phase-
locking system 
-Scan range not 
customisable 
ECOPS 
 
[54, 55] 
The fraction of 
roundtrip period 
T = 1/f selected 
by the offset Δf 
between both 
lasers, itself 
limited by 
Intracavity mirror 
motor speed 
The offset Δf 
between both 
lasers 
- Fast scan rates and 
long scan ranges 
(depending on laser 
characteristics) 
-Scan range 
customisable 
- 2 Lasers 
- Double Costs 
- Complex phase-
locking system 
- limited by 
mechanical parts 
OSCAT 
 
[59, 60] 
Intracavity mirror 
motor speed 
- repetition rate f 
- repetition rate 
tunability Δf 
- PDL length l  
- 1 Laser 
- Scan range 
customisable 
 
- long PDLs lead to 
dispersion and jitter 
issues 
- limited by 
mechanical parts 
OSREFM 
 
[71-73] 
The ability to 
modulate the 
repetition rate 
and the carrier 
dynamics of the 
material 
concerned  
- repetition rate f 
- repetition rate 
tunability Δf 
- PDL length l 
- 1 Laser 
- Inexpensive SLD 
- Scan range 
customisable 
- No mechanical 
parts 
 
- Complex phase 
locking electronics 
- low scan rates 
demonstrated 
- High pulse to pulse 
timing jitter 
Figure 1-11 – Summary of the optical sampling techniques described, including how in each case the scan 
rate and scan range are determined, and the relative advantages and disadvantages of each system. 
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A selection of the demonstrated scan rates and scan ranges of the ASOPS, ECOPS, OSCAT 
and OSREFM techniques were then collected from an illustrative set of published works 
and plotted for comparison, see Figure 1-12. The data used to generate this figure1 may be 
found in the Appendix, Section 7.1.1. 
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Figure 1-12 – A collection of scan ranges and scan rates from several optical sampling techniques including 
OSCAT, ASOPS, ECOPS and OSREFM are plotted together for an indicative comparison of their 
demonstrations to date.  
 
Currently the ASOPS technique exceeds the others in scan rate, and has mostly been 
reported with fairly long scan ranges (though as discussed, this is not in practice always 
desirable, merely a result of the method). The ECOPS technique is a contender for scan 
rate, and as discussed, has the advantage of lowering the scan range to a custom value, 
reducing wasteful dead time found in ASOPS. The OSCAT (and OSREFM) techniques have 
mostly reported lower scan rates but a relatively wide variety of scan ranges (owed to the 
ability to simply extend or shorten the length of passive delay line for the preferred range, 
depending on the available repetition rate tunability). One of their main advantages over 
the asynchronous techniques, however, lies in the fact that they use only one pulsed laser 
source. 
 
                                                     
1
 Note that whilst other parameters such as laser type, pulse duration etc. were also tabulated and other 
works are discussed throughout the thesis, only those which had a clear scan range and scan rate value are 
plotted in Figure 1-12. 
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As discussed in the next section, it is clear that there remains a niche window for optical 
sampling techniques which can access both competitive scan rates at a wide variety of 
scan ranges. If the systems described could also be adapted for inexpensive and compact 
MLLDs rather than the expensive and bulky commercial systems most of these examples 
adopt, this would be another clear advantage. 
 
1.3. Research Goals  
The cutting-edge optical sampling techniques described contend with each other over 
scan rates and scan ranges, however their competitive edge sits on a delicate balance of 
additional considerations, including the number of lasers involved, the complexity in 
electronics required, the necessity for mechanically moving parts or indeed the cost of the 
laser type itself used for the application. As such, the main goal of this project was to 
develop novel optical sampling techniques which could take advantage of the highly 
customisable and versatile electronically-controlled nature of passively mode-locked two-
section laser diodes, making use of the process of saturable absorption to generate 
ultrashort pulses and exploiting their diversity, compactness and cost-effectiveness when 
compared with typically used solid-state laser systems. 
 
In particular, the laser’s repetition rate and/or its ability to be modulated tend to be the 
more fundamental requirements of optical sampling techniques (particularly for both 
OSCAT and ECOPS), and as such the ability to achieve this through varying the electrical 
biasing conditions of two-section MLLDs which has been demonstrated in the literature 
(rather than using motorised laser cavity mirrors) sets the goal of achieving optical 
sampling techniques which require no limiting mechanical or moving parts whatsoever, 
and was therefore hypothesised to potentially be capable of faster scan rates. 
 
Additionally, whilst some techniques in the literature achieve their fast scan rates without 
the requirement of mechanical parts, they may do so at the cost of an entire second laser 
system; therefore a further goal of this project was to achieve fast scan rates within 
optical sampling using only one mode-locked laser diode.  
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For contrast, comparative time-resolved mechanical translation stage techniques are also 
to be demonstrated, illustrating the MLLDs suitability for even standard methods of 
optical sampling. Additionally, both linear (single photon absorption) and non-linear (two-
photon absorption) cross-correlation experiments will be demonstrated. 
 
With these research goals in mind throughout the project, ultimately two unique optical 
sampling techniques are proposed: 
 
Firstly, Optical Sampling By Electronic Repetition-Rate Tuning (OSBERT). This single-laser 
technique follows OSCAT in some aspects of the design, and follows the OSCAT expression 
(1), however absolutely no mechanical parts are required. The tuning of the repetition 
rate Δf is accomplished by varying the biasing conditions of a two-section mode-locked 
laser diode, and is entirely electronic, where a PDL of length l serves to scale the available 
scan range. Whilst the PDL can simply be free-space, there are advantages in using coiled 
optical fibre in order to save space and access greater lengths in the laboratory, and in 
addition (according to expression (1)) the greater refractive index will also scale the scan 
range. With no limiting physically moving parts, it was hypothesised that competitive scan 
rates could be reached. 
 
Secondly, SLECOPS - Single-Laser Electronically Controlled Optical Sampling – is a 
theoretical technique which was partially conceived upon the principles of both ECOPS 
and OSCAT, and like OSBERT requires only one laser. Where MLLDs are used as the pulsed 
laser source this technique may also be entirely electronically controlled with absolutely 
no mechanical parts. However SLECOPS differs from OSBERT in that it is potentially also 
applicable to any pulsed laser source, and not limited to MLLDs, provided the repetition 
rate may be modulated via square wave, for example by varying the intracavity mirror 
distance using a stepper motor such as that of OSCAT or ECOPS. SLECOPS’ major novelty is 
the ability to perform asynchronous type scans (such as that shown by two-laser systems 
including ASOPS and ECOPS) using only a single laser. 
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1.4. Thesis outline 
The structure of the thesis following this introduction is as follows: 
 
In Chapter 2 the literature review of the state of the art continues, and an introduction to 
the types of MLLDs used throughout the project is given, including an overview of their 
various structures and operation through biasing conditions. The role of carrier 
confinement within the devices, including the benefit of quantum dots in the active layer 
is also described. This section includes an introduction to passive mode-locking in such 
devices using the principle of saturable absorption, as well as an overview of the literature 
which explores the ability for MLLDs to have their repetition rates electronically tuned via 
the applied biasing conditions. 
 
The resultant output characteristics of each device tested were then analysed in order to 
assess their potential in the optical sampling techniques developed for the project, which 
begins in Chapter 3 with a theoretical introduction to the concept of the first technique, 
OSBERT. This section continues with the first basic demonstrations of the principle in a 
number of proof-of-concept single and two photon absorption experiments which 
ultimately pave the way for the greater goal of significantly increasing the scan rate 
through fast modulation techniques in Chapter 4, alongside some demonstrated 
applications and a discussion of the accuracy and limitations of this technique.  
 
The theorisation of the second technique, SLECOPS, begins in chapter 5 making use of the 
previous chapters for insight into its operation. The concept of the ‘virtual laser’ is 
introduced, where just one laser can be said to function as two in the context of optical 
sampling. Examples are calculated using the SLECOPS theory, then analysed and discussed 
for the potential to optimise the scan range and scan rate in order to compete with the 
state of the art techniques.  
 
Finally, the experimental results of the project are contrasted with the research goals 
proposed above, conclusions on the role of two section quantum dot passively mode-
locked MLLDs in optical sampling are drawn, and suggestions for future work then 
complete the thesis.   
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2. MODE-LOCKED LASER DIODES: Structure and 
Repetition Rate Tunability 
In this chapter, the concept of mode-locking is introduced, and details of the two-section 
quantum dot monolithic passively mode-locked semiconductor laser diodes used 
throughout the project are discussed, whose outputs are fully characterised for their pulse 
duration, output power, repetition rate and emission wavelength. The phenomenon of 
electronically tuning the repetition rate of these devices is reviewed and then tested 
experimentally on the available devices, showing their potential for use in optical sampling 
in the subsequent chapters, particularly OSBERT which relies on this tunability. 
 
2.1. Introduction to Mode-Locked Semiconductor Laser Diodes 
In order to understand the foundations of the quantum-dot passively mode-locked 
semiconductor laser diodes used throughout this project, we shall examine each of these 
attributes individually. 
 
2.1.1. The Laser Cavity and Mode-Locking 
Mode-locking [10] is a technique widely used to generate ultrashort pulses from a laser. 
Consider the basic design of a laser, whereby a gain medium (which may either be 
optically or electrically pumped) is inserted within a Fabry-Pérot cavity. Light waves 
traverse the cavity and reflect to repeat the journey, interfering constructively and 
destructively with each other along the way, such that standing waves are created 
between the highly and partially-reflective mirrors. As such, only discrete frequencies are 
allowed to oscillate within the cavity, known as longitudinal modes, see Figure 2-1. 
 
Figure 2-1 – a) An illustration of longitudinal modes within the optical cavity of a laser, and b) individual 
longitudinal modes 
Highly-
Reflective 
Mirror 
Partially-
Reflective 
Mirror 
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The only modes which are supported in the cavity of length L are those which are 
multiples of the half-wavelength of the oscillating light of speed c. In the frequency 
domain, the spacing of these modes is given by 𝛥𝜈 = 𝑐/2𝐿. We must then consider the 
bandwidth of the gain medium itself in conjunction with the modes which are supported 
within the optical cavity, see Figure 2-2. 
 
Figure 2-2 – Blue vertical lines represent the modes supported within a laser cavity of length L, red 
represents the gain medium’s bandwidth, and green lines represent the allowed longitudinal modes 
leading to the laser emission spectrum. 
 
Although only certain longitudinal modes are allowed spatially within a particular length of 
laser cavity, they may propagate in time with no fixed relationship between their relative 
phase. The result of the sum of multiple permitted longitudinal modes in a laser operating 
in cw (continuous wave) mode is illustrated in Figure 2-3. 
 
Figure 2-3 – Above, the oscillation of individually separated longitudinal modes with random phase within 
a laser cavity. Below, the summation of the longitudinal modes giving rise to cw emission. 
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The seemingly noisy output over time is typical of continuous wave emission from a laser, 
though observing carefully it is clear that even the noise pattern is periodic, due to the 
periodic nature of the longitudinal modes. Expanding upon this idea, if the exact same 
longitudinal modes were to have a fixed-phase relationship, the peaks of each wave would 
all periodically align, leading to a regular increase in constructive interference at this 
temporal point, surrounded by destructive interference elsewhere, see Figure 2-4.  
 
Figure 2-4 - Above, the oscillation of individually separated longitudinal modes with a fixed relative phase 
relationship within a laser cavity. Below, the summation of the locked modes giving rise to pulsed 
emission, i.e. mode-locking. 
 
Comparing the emission of the pulsed and the continuous wave outputs, we find the 
mode-locked pulses exhibit significantly higher peak intensities (or optical powers) over a 
condensed time interval, compared to that of the continuous wave emission.  
 
Given the nature of the locked modes, the pulses will form and emit in a periodicity 
known as the cavity roundtrip-time 𝑇𝑟𝑒𝑝, proportional to the laser cavity length L, such 
that  
 𝑇𝑟𝑒𝑝 =
𝑐
2𝑛𝐿
 (2) 
 
The inverse of the cavity roundtrip time is known as the laser’s repetition rate 𝑓𝑟𝑒𝑝, and 
may be related back to the mode-spacing 𝛥𝜈𝑠𝑝𝑎𝑐𝑖𝑛𝑔 such that  
 
 
𝛥𝜈𝑠𝑝𝑎𝑐𝑖𝑛𝑔 =
1
𝑇𝑟𝑒𝑝
= 𝑓𝑟𝑒𝑝 =
2𝑛𝐿
𝑐
 
(3) 
22 
 
 
We may now also relate the peak and average powers, 𝑃𝑝𝑘 and 𝑃𝑎𝑣  as a function of the 
pulse duration 𝛥𝜏 and the repetition rate 𝑓𝑟𝑒𝑝, such that  
 
 
𝑃𝑝𝑘 =
𝑃𝑎𝑣
𝛥𝜏 ∙ 𝑓𝑟𝑒𝑝
 
(4) 
 
It is clear that lower repetition rates and shorter pulse durations (in conjunction with 
greater average power) will give rise to greater peak powers. It is also possible to 
determine the roundtrip period, and therefore both the repetition rate and the laser 
cavity length, by analysing a sample optical spectrum of a laser. Consider a pulsed laser of 
central emission wavelength 𝜆 = 1266.5nm measured using an Optical Spectrum Analyser 
(OSA), and its repetition rate of 𝑓𝑟𝑒𝑝 = 5.079GHz measured by a Radio Frequency Analyser 
(RFA), see Figure 2-52. 
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Figure 2-5 – a) The optical spectrum of a laser of central emission wavelength 1265.5nm with a highlighted 
(red) region of interest b) the radio frequency spectrum of the pulsed laser of repetition rate 5.079GHz 
and c) the mode spacing within the optical spectrum’s highlighted region of interest 
                                                     
2
 Note, this experimental data in Figure 2-5 originates from a narrow-ridge device whose characteristics are 
detailed in section 2.5.1. 
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If we magnify a region of the optical spectrum trace at Figure 2-5a we find evenly 
distributed modes (Figure 2-5c) whose central wavelength may be measured by fitting a 
Gaussian function to their peaks. We then convert such that the wavelength mode spacing 
𝛥𝜆𝑠𝑝𝑎𝑐𝑖𝑛𝑔 = 0.02716nm is related to the frequency domain such that 
  
 𝛥𝜈𝑠𝑝𝑎𝑐𝑖𝑛𝑔 =
𝑐
𝜆2
∙ 𝛥𝜆𝑠𝑝𝑎𝑐𝑖𝑛𝑔 = 5.079 × 10
9𝐻𝑧~𝑓𝑟𝑒𝑝 
(5) 
 
Thus it is clear to see the important relationship between both the roundtrip period and 
the repetition rate of a pulsed laser in terms of the laser cavity length and the supported 
longitudinal modes. Finally it can be shown the greater the spectral bandwidth 𝛥𝜈 of the 
full optical spectrum, the shorter the resultant pulse duration 𝛥𝜏 shall be (assuming that 
the modes are locked in phase). This can be represented in terms of the Time-Bandwidth 
Product (TBP) as  
 
𝛥𝜏 =
𝑇𝐵𝑃
𝛥𝜈
 
(6) 
 
Depending on the pulse shape, the TBP takes different values [74]; for an assumed 
Gaussian pulse shape, this value is 0.441. If the actual measured TBP of a pulsed laser 
exceeds this value, it can be assumed the pulse duration of the system is not as short as is 
theoretically allowed by the gain medium bandwidth and laser cavity combination. As 
such the pulses may for example have been stretched by the dispersion introduced by 
additional optical elements such as lenses or mirrors within the setup, whereby different 
spectral components of the pulse travel at different respective velocities.  
 
It is also conceivable that a pulsed output could be achieved by quickly switching a laser 
on and off, and in semiconductor laser diodes this is known as gain switching [75] (This is 
the method used to generate the pulses in the laser used in the OSREFM technique [71] 
described in Chapter 1). An electrical signal is applied which only briefly brings the carrier 
density above threshold, before returning below threshold, meaning lasing occurs for a 
very short period. The benefits are a readily adjustable repetition rate due to the electrical 
signal, however, gain-switching as an alternative to mode-locking results in larger timing 
jitter, and without pulse compression tends to produce fairly broad pulses. 
 
24 
 
 
2.1.2. Quantum Confinement and the Laser Diode Structure  
Fundamentally, the devices used in this work are based upon the same principles of 
semiconductor laser diodes and the typical P-i-N (p-type – intrinsic – n-type) structure 
where the active layer is embedded in the intrinsic layer. Metal contacts are deposited on 
the device for electrical biasing. Each side is cleaved and coated giving rise to the Fabry-
Pérot cavity described above, see Figure 2-6. Upon forward biasing the laser diode, 
carriers (electrons from the n-side and holes from the p-side) are directed towards the 
active layer where they may recombine and give rise to photons in the form of 
spontaneous emission. As the forward current is increased, spontaneous emission builds 
up, and upon population inversion the rate of stimulated photon emission becomes 
greater than the photon absorption, and the light is now said to be amplified.  As with any 
other type of laser, provided this gain amplification is greater than the losses induced 
within the cavity for feedback (imperfections in the structure and in the mirror 
reflectivities, scattering etc.) the threshold current 𝐼𝑡ℎ is met, above which lasing begins 
and the beam emits from the partially reflective mirror (or output coupler). 
 
 
Figure 2-6 – A typical semicondcutor p-i-n laser diode structure which gives rise to cw emission. 
 
Using this bulk semiconductor configuration, optical confinement is provided by the 
smaller refractive index of the surrounding n-type and p-type materials compared to that 
of the active layer, whilst the so-called double-heterostructure provides a degree of 
electrical confinement in the active layer of both the holes and electrons moving from the 
conduction and valence bands, 𝐸𝐶  and 𝐸𝑉 respectively. However, this confinement can be 
vastly improved upon by instead growing quantum wells, wires or dots in the active layer. 
In the case of the quantum well laser, the material grown in the active layer is sufficiently 
thin that quantum confinement now takes place in one of three spatial dimensions 
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because the density of states 𝐷(𝐸) takes an abrupt or step-wise form, see Figure 2-7. 
Similarly, quantum wires (or dashes) [76] allows quantum confinement to be extended 
into two dimensions, and for quantum dots three dimensions are confined [77]. 
 
 
Figure 2-7 – The quantum confinement in three dimensions and density of states 𝑫(𝑬) with respect to the 
energy levels of the conduction and valence bands 𝑬𝑪 and 𝑬𝑽 for a) bulk semiconductor material b) 
quantum wells c) quantum wires and d) quantum dots 
 
In fact it is possible to engineer the bandgap relatively robustly, and even grow quantum 
dots (QDs) within quantum wells (QWs) in a ‘Dots in a Well’ (DWELL) configuration [78]. As 
such, though difficult to illustrate in three dimensions, the confinement offered by QWs 
and QDs can be compared in terms of simplified band diagrams to that of the bulk 
material arrangement, see Figure 2-8. 
 
Figure 2-8 – Electrons from the n-type material and holes from the p-type material diffuse towards the 
active layer, aided by increasing confinement ranging initially from the doping profile, to the 
heterojunction boundary, to quantum wells (QW) and finally to quantum dots (QD). 
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As well as greater quantum confinement giving rise to greater quantum efficiency, since 
their invention [79] quantum dot lasers have demonstrated a number of advantages over 
quantum well lasers, including greater temperature insensitivity and lower threshold 
currents due to the far more discrete density of states [80, 81]. Throughout the project a 
number of devices were tested with various structural and chemical make-ups, including 
active regions comprising quantum wells or quantum dots, however ultimately those 
which gave rise to the work discussed in this thesis were quantum dot devices. 
 
2.1.3. Saturable Absorption: Passive Mode-Locking in MLLDs 
Mode-locking in laser diodes can be achieved using a number of methods; in particular 
these can include active, passive or hybrid techniques. In active mode-locking [11, 82], 
pulses are formed by directly modulating either the gain or loss mechanisms using an 
electronic signal with a frequency equal to that of the mode-spacing frequency. This 
technique results in a highly stable pulsing regime with low timing jitter, though typically 
broader pulses than other techniques. Active mode-locking also by definition needs to be 
controlled externally from the laser, adding a degree of complexity to the setup - a draw-
back which is avoided by instead adopting passive mode-locking [83]. In this technique, a 
section within the laser cavity provides saturable absorption, where the light absorption 
decreases for increasing intensities. At some intensity the absorber will saturate, allowing 
only the transmission of higher intensities. Whilst initially this may only be a random noisy 
burst, after many roundtrips the process will dynamically create a better defined pulse at 
each roundtrip period. Such a saturable absorber may even be integrated monolithically 
into the laser; hence it may passively give rise to mode-locking of shorter pulses than that 
typically found in active mode-locking. Hybrid mode-locking [84] combines the active 
modulation of active mode-locking with the saturable absorption of passive mode-locking 
to produce ultrashort pulses.  
 
This project and the optical sampling techniques investigated are entirely based around 
passive mode-locking of two-section monolithic quantum dot mode-locked laser diodes, 
where a saturable absorber can be integrated as a second (electrically isolated) section 
adjacent to the gain section, see Figure 2-9. 
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Figure 2-9 - Diagram of a 2-section MLLD, whereby a forward biased gain section is monolithically adjacent 
to a reverse biased absorber section, giving the total optical cavity length between two coated facets. 
 
As described above, in cw operation, the supported longitudinal modes oscillate with 
random phase within the cavity. Due to the periodically noisy nature of the longitudinal 
modes in random phase, lower intensities will be absorbed more so than the periodically 
noisy bursts which exist, because ultimately the absorption decreases for increasing light 
intensity, and so only the greater intensities are allowed to transmit, forming the basis of a 
periodic pulse-like peak. This process continues, and upon each roundtrip the wings 
surrounding this peak are further attenuated, eventually giving rise to a pulsed output. For 
increasing the reverse bias applied to the absorber section, the carriers which are photo-
generated by the high intensity pulse are swept out via the terminals. This leads to an 
important gain/loss dynamic between the gain and absorber sections which occurs 
periodically upon the saturation and recovery of the absorber, see Figure 2-10. Increasing 
the reverse bias to the absorber will therefore ultimately decrease its recovery time and 
therefore will further shorten the pulse duration. 
 
It is clear that both the gain and absorber sections must have carrier recovery times 
shorter than that of the roundtrip period such that the process may repeat upon each 
instance the pulse meets the absorber section, which will have returned to a state of high 
loss.  
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Figure 2-10 – Representation of the formation of pulses through gain and loss dynamics brought on by 
saturable absorption, based on a diagram from [85]. A reverse bias is applied to the absorber giving rise to 
a net gain window leading to a pulsed output. 
 
In the case of the two-section MLLDs used throughout this project, we assume the 
characteristics are entirely unknown until they are examined, which is to say the duration 
of the pulses (and other output characteristics) will each depend upon not only the 
structural configuration of the device but also the variety of biasing conditions which may 
be applied across its sections. 
 
2.2. Device Structure 
Though several devices were studied for their suitability in the following work [1-3, 6], for 
the majority of the project, the most significant experimental work was carried out using 
two particular quantum-dot passively mode-locked laser diodes of slightly differing 
structures; namely a narrow-ridge waveguide and a tapered waveguide design.  
 
2.2.1.  Narrow-Ridge Device 
Referring to Figure 2-11, the narrow-ridged waveguide device was fabricated by Innolume 
GmbH with a total length of 8.00mm corresponding to a repetition rate of approximately 
5GHz, of which the absorber length was 900μm (11.25% of the full device length). The 
narrow ridge waveguide was 4μm wide. Both sections were electrically isolated from each 
other via an isolation trench. The highly-reflective (HR) rear facet coating has a reflectivity 
of 99%, whilst the anti-reflective (AR) front facet has a reflectivity of 10%. 
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Figure 2-11 - Diagram
3
 of the narrow-ridge device consisting of a reverse biased saturable absorber section 
which is electrically isolated from a forward biased gain section.  
 
The quantum-dot structure, see Figure 2-12, was grown p-side up using molecular beam 
epitaxy on a 3 inch n+GaAs substrate. P-type (Carbon doped) and N-type (Silicon doped) 
Al0.15Ga0.85As cladding layers were respectively fabricated either side of the active region 
for optical and electrical confinement. The active layer comprised 10 layers of InAs 
quantum dots, topped by evenly-sized layers of In0.15Ga0.85As and separated by 35nm-thick 
GaAs barriers.  
 
Figure 2-12 – Narrow-ridge device basic fabrication structure showing the PN junction enclosing the 
quantum dots in the active region (not to scale). 
 
2.2.2. Tapered-Waveguide Device 
The tapered-waveguide passively mode-locked semiconductor laser diode device was 
reported on at conference [6] during the project, and was fabricated by III-V Lab based on 
a quantum-dot structure grown by Innolume GmbH. A narrow-ridge waveguide was 
fabricated for the saturable absorber section, whilst instead a tapered waveguide with a 
full angle of 2° was used for the gain section, see Figure 2-13. The tapered waveguide 
                                                     
3
 Note, this diagram was reconstructed from one which was used in one of our publications regarding a 
quantum well structure of similar two-section design, which could emit at 760nm wavelength. 
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section was 2.40 mm long, whilst the narrow section’s waveguide had a length of 600μm 
and a width of 14μm, giving a total device length of 3.00 mm. Both sections were 
electrically isolated from each other via a 5μm isolation trench. Whilst the straight section 
acts as a spatial filter within the cavity, the increasing width of the tapered section 
provides higher optical power [86, 87]. As such, tapered lasers offer a good solution in 
providing single spatial mode beams with high power and good beam quality showing 
suitable promise for applications in biophotonics [88]. 
 
 
Figure 2-13 – Diagram of the tapered-waveguide device (not to scale in order to highlight features) 
consisting of a narrow reverse-biased saturable absorber section, which is electrically isolated from a 
tapered forward-biased gain section. 
  
The quantum-dot tapered-waveguide device was fabricated with the same wafer structure 
as that of the narrow-ridge device (Figure 2-12), and therefore varies only in the physical 
structural dimensions, particularly the design of the tapered waveguide. 
 
2.3. Device Characterisation 
2.3.1.  Characterisation setup 
Such MLLDs must be fully characterised in order to understand their pulsed output 
dynamics, and importantly, their controllability under various biasing conditions.  
 
A diagnostic setup is illustrated in Figure 2-14, where each device may be alternately 
placed into the configuration and fully characterised. A power supply (Agilent E36447A) 
provides the reverse bias required for the saturable absorber section, whilst a combined 
diode driver and thermoelectric cooler (TEC) (Newport Laser Model 6100) supplies the 
forward bias to the gain section and stabilises the temperature of the entire QD MLLD 
device.  
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Figure 2-14 – Diagram of the diagnostic setup adopted for the characterisation of each QD MLLD device.  
 
Typically the output laser beam of such MLLDs is highly divergent in the vertical axis, and 
as such a collimation lens (Thorlabs C330TME-C aspheric lens, f=3.1mm) is placed in the 
near-field of the device at the appropriate focal length in order to collimate the beam into 
an elliptical or near-circular shape. The beam is then sent into either one of two main 
paths by a flip-mirror (although it should be noted that beam splitters can readily replace 
flip mirrors in order to characterise several parameters at once, at the cost of reduced 
power to that piece of equipment).  
 
Using a collimation lens (Thorlabs C560TME-C aspheric lens, f =13.8mm) one beam path is 
coupled into an optical fibre which is mounted on a 3-D translation stage in order to 
optimise fibre coupling. The fibre is then split into two lines and connected firstly to an 
Anritsu MS9710C Optical Spectrum Analyser (OSA) in order to measure the optical spectra 
from the device, and secondly to a Picometrix D-15 photodetector of 21GHz bandwidth, 
which is in turn connected to an Agilent E4407V ESA-A Radio Frequency Analyser (RFA) of 
bandwidth 9kHz-26.5GHz in order to measure the radio frequency spectra of the device. 
 
Regarding the radio frequency spectra, it should be noted that the optical isolator placed 
in front of the MLLD allows light to travel in only one direction in order to restrict (and 
therefore protect the source from) back-reflections which can interfere with the mode-
locked output. A polariser at the input of the isolator allows only linearly polarised light 
into a Faraday rotator, which rotates the beam’s polarization by 45° before exiting the 
device via another linear polarizer producing a 45° difference between the input and 
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output beams. When spurious back reflections are sent in the reverse direction from other 
optical elements in the light path, the Faraday rotator again rotates the light's polarization 
in the same direction that it did in the forward direction leading to a total rotation of 90° 
with respect to the input light, and thus unwanted optical feedback is stopped from re-
entering the laser, which can cause instability and higher noise levels within the mode-
locking regime. Therefore it is crucial these back-reflected signals are supressed. 
 
The free-space beam path allows the measurement of the optical power, (using Thorlabs 
integrating sphere S145C in combination with Thorlabs Power Meter PM100D) and the 
pulse duration (using APE PulseCheck Autocorrelator). Autocorrelation is a technique 
which is used throughout the thesis in a number of configurations (described further in 
section 3.2). In an autocorrelator, the pulsed output is split using a beam-splitter, sending 
two exact copies of the same pulse on separate paths. One of the pulses is sent along a 
path which is variable in length, whilst the other is sent on a fixed delay path, and both are 
finally directed on a path towards the desired detection system, see Figure 2-15. 
 
Figure 2-15 - Schematic of the second harmonic generation APE Pulse-Check Autocorrelator reproduced 
from [89], which was used to measure the pulse durations throughout the project.  
 
The intensity of the nonlinear output signal depends on the relative temporal delay 
between the two pulses as one pulse increasingly overlaps the other in space with every 
step in the delay stage, until they have made a complete pass of each other. Summing all 
the output signal intensities over a wide range of delay times gives the resultant second-
order autocorrelation intensity 𝐴(2)(𝜏) for each instant in time: 
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𝐴(2)(𝜏) = ∫ 𝐼(𝑡)𝐼(𝜏 − 𝑡)𝑑𝑡
∞
−∞
 
(7) 
 
Where τ is the time delay between the pulse copies, 𝐼(𝑡) is the intensity of the non-
delayed pulse and 𝐼(𝜏 − 𝑡) is the intensity of the delayed pulse. In the case of Second 
Harmonic Generation (SHG) Autocorrelation [90], the combined pulse copies are then 
focused onto a thin crystal which doubles the frequency of the original input signal (i.e. 
halves the wavelength). The output signal is non-linearly dependent on the increasing 
intensity of the combined pulses as their peaks increasingly overlap. This output signal is 
then filtered out from any residual fundamental radiation and detected by a 
photodetector.  
 
It is important to note, however, that if the original pulse is assumed to have a Gaussian 
shape, the autocorrelation of a Gaussian function does not result in an identical copy of 
that Gaussian function. In fact, it can be shown mathematically that the full width at half 
maximum (FWHM) of the autocorrelation will be broader than the original Gaussian-
shaped pulse by some factor known as the autocorrelation co-factor [91]. Consider an 
Intensity varying as a function of time 𝐼(𝑡) to have a Gaussian shape  
 
 
𝐼(𝑡) = 𝑒𝑥𝑝 [− (
2√𝑙𝑛2𝑡
∆𝜏𝑝
𝐹𝑊𝐻𝑀)
2
] 
(8) 
 
where ∆𝜏𝑝
𝐹𝑊𝐻𝑀 represents the original pulse width. Using expression (7) we find the 
autocorrelation function 𝐴(2)(𝑡)  will have a new FWHM of ∆𝜏𝐴
𝐹𝑊𝐻𝑀. The FWHM of the 
original pulse and its autocorrelation differ by the co-factor 1.41 
 
 ∆𝜏𝐴
𝐹𝑊𝐻𝑀 = 𝟏. 𝟒𝟏∆𝜏𝑝
𝐹𝑊𝐻𝑀 (9) 
 
We may prove this by mathematically simulating an autocorrelation4. An ultrashort pulse 
of 5 picosecond duration is assumed to have an intensity described by a Gaussian. Whilst 
this pulse remains stationary, a simulated copy of this pulse is allowed to traverse the time 
                                                     
4
 This simulation was written in MATLAB and the data was output to Origin Pro. 
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delay and overlap the original pulse – this simulates the concept of one pulse being 
delayed with respect to the other using, for example, a mechanical stage in one arm of 
non-collinear geometry setup, see Figure 2-16. 
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Figure 2-16 – MATLAB simulation of an autocorrelation. An original 5ps pulse was incrementally delayed 
in order to overlap a stationary copy of itself, giving an autocorrelation with a pulse duration 1.41 times 
broader (7.071ps) when a Gaussian pulse shape is assumed. 
 
As can be seen, and predicted mathematically, the autocorrelation has a pulse duration of 
7.071ps, which is 1.41 times longer than the original 5ps pulse. Therefore for the purposes 
of this project, when fitting a Gaussian function to each autocorrelation’s pulse-width, the 
value is divided by the co-factor 1.41 in order to demonstrate the more likely original 
pulse duration (though if an alternative function such as a Lorentzian or a sech2 better 
describes the pulse shape upon attempting to fit to the autocorrelation data, their co-
factors of 1.54 and 2.0 respectively may be used instead using the same principle). 
 
2.3.2. Power-Current Characterisation 
Typical laser characteristics to be measured include P-I (Power-Current) curves, where the 
average optical power may be measured as a function of the forward bias applied to the 
gain section. This also provides us with information on the threshold current 𝐼𝑡ℎ (the 
current past which lasing may occur), and any indications of thermal rollover; the point at 
which the diode may begin to break down due to excess current. The study may be 
repeated whilst simultaneously applying various levels of reverse bias to the saturable 
absorber section in order to determine the loss in average power due to the increased 
absorption; useful for when the optimum mode-locking bias conditions are explored. P-I 
traces were gathered for both the narrow-ridge and tapered waveguide devices as a first 
comparison of their output power characteristics, see Figure 2-17 and Figure 2-18. 
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Figure 2-17 – P-I traces for the narrow-ridge-waveguide device for several values of reverse bias applied to 
the absorber section. 
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Figure 2-18 – P-I traces for the tapered-waveguide device for several values of reverse bias applied to the 
absorber section. 
 
Evident in both P-I traces is the sudden increase in output power from hundreds of 
microwatts to tens of milliwatts at the threshold current, at which point lasing has been 
initiated. This threshold current is seen to increase for increasing reverse bias applied to 
the saturable absorber section. This occurs due to the fact that at higher reverse biases 
there is an increase in absorption and thus the cavity losses, resulting in a higher threshold 
gain. In particular, it is clear that the overall average output power is far greater in the 
tapered waveguide device than the narrow-ridge device (around a ten-fold increase), 
which is anticipated given the significantly greater volume of gain material in the tapered 
device, which of course additionally requires a greater applied forward current to realise.  
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Although the PI curves and other characteristic curves were acquired several times 
throughout the project in order to ensure the output remained consistent, error bars are 
typically not provided in the two-section passively mode-locked semiconductor laser diode 
field due to the great stability of such systems, provided the controlling conditions (the 
diode driver, power supply, temperature control) are also of a high standard and 
therefore as stable as possible. Because the laser is entirely electronically driven, any 
fluctuations in output would result in too many unpredictable inconsistencies, and 
therefore would not be used. Therefore, reproducibility of the results is ensured implicitly. 
 
2.3.3. The Mode-Locking Region 
The mode-locking characteristics may then be measured when the biasing conditions to 
the gain and absorber sections produce a steady train of ultrashort pulses. The repetition 
rate may be measured using a fast photodetector and RF analyser. Typically, a strong 
mode-locking region (MLR) is sought out; this is a 2-D region which can be mapped out for 
which various combinations of forward current ranges and reverse bias ranges lead to 
stable mode-locking such as that found in [92]. Strong mode-locking is generally indicated 
by sharp RF trace peaks (narrow linewidths and signal-to-noise ratio typically greater than 
30dB [93]). This can be found by carefully varying one parameter through the other in a 
two-dimensional study. If the RF spectrum is carefully monitored simultaneously for sharp 
peaks, this region can then be mapped out for easier and more intense exploration of 
other parameters later, such as average power, optical spectra, pulse duration and peak 
power. When sharp peaks diminish and broaden on the RF analyser, mode-locking is 
considered to be weak or non-existent under those conditions. For the narrow-ridge 
device, strong mode-locking conditions were met within a forward bias range of 200-
250mA and a combined reverse bias range of 4.60-7.80V, see Figure 2-19. The individual 
spectra which verify that these conditions constitute strong mode-locking are presented in 
section 2.5. 
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Figure 2-19 – Diagram of the mapped mode-locking region of the narrow-ridge device for varying bias 
conditions to each section of the device. 
 
For the tapered device, strong mode-locking conditions were met within a forward bias 
range of 740-800mA and a combined reverse bias range of 3.7-4.4V, see Figure 2-20. 
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Figure 2-20 – Diagram of the mapped mode-locking region of the tapered device for varying bias 
conditions to each section of the device  
 
With the biasing conditions now mapped for regions of strong mode-locking of the MLLD, 
they may now be investigated further for their degree of repetition rate tunability, as well 
as their impact on optical power, optical spectra and pulse duration at each point in order 
to determine the optimum conditions for optical sampling in the following chapters. 
 
 
38 
 
 
2.4. Introduction to Repetition Rate Tunability 
As discussed in Chapter 1, a vital component of OSBERT is the ability to tune the MLLD’s 
repetition rate electronically. To that end, a number of additional 2-section MLLDs were 
studied throughout the project under various regimes in order to determine their 
repetition rate tunability [3, 6]  before finally opting for those used throughout the thesis. 
This section discusses the basis of repetition rate tunability in a number of configurations 
before discussing the experimental findings on the tuning capabilities of the devices 
themselves. 
 
Typically if the repetition rate of a laser is to be varied, it may be done so by varying the 
length of the optical cavity itself, such as by introducing an output coupler mounted on a 
translation stage in the case of an external cavity laser [94]. Intriguingly, in the case of 
MLLDs, repetition rate tunability has been demonstrated instead via a variation of several 
combinations of temperature [76, 95, 96], gain current [76, 86, 97-100] or saturable 
absorber bias levels [76, 92, 95, 99-103]. The underlying process of such ‘internal’ 
repetition rate tunability has been widely discussed for various device types, attributing 
the phenomenon to a number of principles since trends in tunability vary greatly between 
device structures and compositions. One explanation is the Pockel’s effect, whereby 
inherently the application of an electrical field across either section of the device may lead 
to variations in its refractive index [99], thus according to equation (2) this small variation 
in the gain’s refractive index may replace the typical variation in cavity length L, and 
consequently vary the round-trip period within the cavity entirely non-mechanically. 
Similarly, the plasma effect [104, 105] - a change in the refractive index due to a change in 
carrier density - has been cited as a cause [98, 99, 101].  
 
Another possible contribution to the repetition rate tunability lies with the Quantum 
Confined Stark Effect [106, 107], which describes the effect of an external electric field 
upon the light absorption spectrum or emission spectrum of quantum confinement in 
quantum wells, wires or dots [108]. Considering a quantum well under zero reverse bias, 
𝑉𝑟𝑒𝑣 = 0, the electrons and the holes occupy states which are associated with a discrete 
set of energy bands. Consequently, only a discrete set of frequencies of light may be 
absorbed or emitted by the system. When a reverse bias 𝑉𝑟𝑒𝑣 > 0 is applied, the electron 
and hole states shift to lower and higher energies respectively [109] and thus the overlap 
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of the wave-function of each carrier decreases. This reduces the permitted light emission 
frequencies, and as such the wavelength of light generated may exhibit a red-shift due to 
the change in confined energy levels [110, 111], see Figure 2-21. Given that the refractive 
index of MLLDs is by extension wavelength-dependant, this could in turn slightly vary the 
group velocity, and thus, the detected repetition rate.  
 
 
Figure 2-21 –The Quantum Confined Stark Effect (QCSE), where an applied reverse bias causes a decrease 
in the confinement energy difference in a quantum well. 
 
The electrical repetition rate tuning effect within MLLDs has further been attributed to the 
so-called ‘detuning time’ associated with pulse-shaping; temporal shifts in the pulse 
position through reshaping within the oppositely biased absorber and gain sections, which 
cause the repetition rate to deviate slightly from the Fabry-Pérot round-trip time [76, 86, 
99]. The level of allowable detuning was shown to be a function of pulse energy, pulse-
width and complicated saturation and absorption dynamics which depend upon the 
particular device design and output characteristics. Ultimately, a number of refractive-
index and non-refractive-index related phenomena are typically combined and cited in the 
literature as the cause for repetition rate tunability across a wide range of semiconductor 
laser diode device types. 
 
Given the cleaving errors typically associated when cutting individual MLLDs after 
fabrication will vary the device length relating to repetition rate, this tunability provides a 
degree of electrical fine-tuning [103] for custom applications without the need to 
incorporate carefully adjusted external cavities to suit the repetition rate, allowing the 
device to retain its monolithic, stand-alone advantages at high frequencies; that is to say 
that an error in the length of the device may potentially be corrected by careful selection 
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of the bias conditions to bring the repetition rate to that expected by the desired length. 
Conversely, for applications which require longer round-trip times via external cavities, 
this tunability allows non-mechanical fine tuning of the lower repetition rate external 
cavity laser. Pulsed semiconductor lasers have also been featured in applications for 
microwave or millimetre-wave generation [112, 113], and in particular, the advantages in 
the ability to electrically tune the repetition rate of semiconductor laser devices in such 
systems have been described in optimising the signal generation [101, 114]. Furthermore, 
recent developments have demonstrated the benefits of repetition rate tunability in 
giving rise to wide and customisable RF locking ranges for use in frequency comb 
generation [76]. Whilst characterising additional devices for their use in this project, we 
published results showing 5MHz tunability by varying the absorber bias [6], and 30MHz 
tunability by varying both the gain and absorber bias levels [3].  
 
A summary from the literature of studies on semiconductor laser diode devices which 
exhibit repetition rate tunability was tabulated for reference, see Figure 2-22. In particular 
only those studies which included both an account of the repetition rate tunability and an 
explanation of their findings are presented. In summary it is clear that there exists a 
degree of ambiguity regarding the exact mechanisms which govern repetition rate 
tunability in multi-section MLLDs, though as can be seen the detuning associated with 
pulse re-shaping does tend to be cited more often than the other possible causes. As such 
it is most likely that a number of the described phenomena are simultaneously 
responsible for the overall degree of tunability, giving rise to a complex dynamic of 
competing processes.  
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[Ref] 
 
Year 
Laser  
Description 
Rep. 
Rate 
(GHz) 
Rep. Rate 
Tunability  
Enabled By 
Total Rep. 
Rate 
Tunability 
(MHz) 
Explanation Offered for 
Tunability 
[103] 
 
1997 
3-section Quantum Well 
device with extended 
cavity, gain and absorber 
sections 
9.3 Changes in bias to 
gain and absorber 
sections 
87.5 Pulse shaping by the gain and 
saturable absorber media given 
as  “most possible explanation” 
 
 
[99] 
 
1997 
3-section Quantum Well 
device with extended 
cavity, gain and absorber 
sections 
17.7 Changes in bias to 
extended cavity, 
gain and absorber 
sections 
280 Pulse shaping (Pockel’s effect 
considered partly responsible 
but calculated as too small an 
effect for their tunability) 
 
[86] 
 
2006 
2-section Quantum Dot 
tapered waveguide MLLD 
with gain and absorber 
sections 
24 Changes in bias to 
gain and absorber 
sections 
50 Pulse shaping suggested, along 
with gain and absorber 
dynamics leading to refractive 
index variations 
 
[98] 
 
2013 
2-section Quantum Dot 
MLLD with gain and 
absorber sections 
20 Changes in bias to 
gain section 
40 Pulse shaping and carrier 
density induced refractive 
index change “could be” 
responsible 
 
[102] 
 
2007 
2-section Quantum Dot 
MLLD with gain and 
absorber sections 
40 Changes in bias to 
gain and absorber 
sections 
100 No explanation offered, 
however does cite [86] as 
having the same trends in 
tunability 
 
[101] 
 
1996 
4-section Quantum Well 
MLLD device with phase 
control, gain, absorber 
and Distributed Bragg 
Reflector sections 
37.45 Changes in bias to 
a phase control 
and absorber 
sections 
1000 Plasma effect due to the 
variations in charge on each 
section 
 
 
[76] 
 
 
2012 
2-section Quantum Dash 
MLLD with gain and 
absorber sections 
21 Changes in bias to 
gain and absorber 
sections, and 
change of 
temperature to 
entire device 
440 Pulse shaping given as a 
possibility as well as changes in 
the refractive index  
 
 
 
 
[97] 
 
2009 
2-section Quantum Dot 
MLLD with gain and 
absorber sections 
16 Changes in bias to 
gain and absorber 
sections 
100 Complex dynamics of gain and 
absorption with varying pulse 
energies causing re-shaping 
 
[95] 
 
 
2005 
3-section Quantum Well 
MLLD with gain and 
absorber sections, and a 
third selectable gain or 
absorber section 
37 Changes in bias to 
absorber sections 
and change of 
temperature to 
entire device 
 
57 Reduced group refractive index 
due to increased carrier density 
 
 
 
[93] 
 
2015 
2-section Quantum Dot 
MLLD with gain and 
absorber sections 
33.48 Changes in bias to 
gain and absorber 
sections 
 
300 Thermal expansion of material 
and carrier escape reducing 
refractive index. 
[6] 
 
2015 
2-section Quantum Dot 
tapered waveguide MLLD 
with gain and absorber 
sections 
15.96 Changes in bias 
to absorber 
section 
 
5  
Considered to likely be a 
combination of all described 
effects, particularly pulse 
shaping. For details on [6] see 
Section 2.5.3 
 
[3] 
 
2014 
2-section Quantum Well  
MLLD  with gain and 
absorber sections 
19.37 Changes in bias 
to gain and 
absorber sections 
30 
Figure 2-22 – Table of devices from the literature which exhibited repetition rate tunability by varying the 
bias applied to one of their sections, or by varying the temperature of the device. The references 
highlighted in bold were regarding devices studied and published during this project. 
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2.5.  Experimental Findings for Electronic Repetition Rate Tunability 
In the following section the narrow-ridge waveguide and tapered waveguide devices are 
compared for their repetition rate tunability, and other corresponding laser output 
characteristics. 
  
2.5.1. Narrow-Ridge Waveguide Device  
As discussed in Section 2.3, the MLR of the device has been established; however the 
degree of repetition rate tunability varies across the biasing conditions. Exploring the 
previously determined MLR, the exact repetition rate was found at each point within the 
mapped region using individual RF spectra across each combination of bias parameters, 
see Figure 2-23. 
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Figure 2-23 – The MLR as a contour map indicating the repetition rate in GHz found at each combination of 
biasing conditions to the absorber and gain sections.  
As can be seen, the greatest repetition rate tunability range is found for a forward current 
to the gain section of 210mA, whilst the reverse bias to the saturable absorber is 
increased from 4.60V to 7.80V. Although experimentally the reverse bias and forward 
current changes were made in discrete steps (as shown by the contour plot), in reality the 
repetition rate is continuously tunable by these means. Individual RF spectra were then 
plotted for this region at representative 0.2V increments, see Figure 2-24.  
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Figure 2-24 – a) RF Spectra at 210mA forward current to the gain section for increasing reverse bias to the 
absorber section across the MLR b) The Repetition Rate is seen to be tuned by approximately 10MHz; 
inset, an example spectrum is fit with a Lorentzian in order to mathematically determine the centre 
frequency of the trace 
 
Each spectrum was fit with a Lorentzian function in order to mathematically determine 
each peak’s central frequency. As such a repetition rate tunability of Δf = ~10MHz is found 
for a change in reverse bias voltage to the absorber section of ΔV = 3.20V. It is 
advantageous and important that the full span of the repetition rate tunability falls as 
linearly as possible with the variation in reverse bias. Optical sampling techniques such as 
OSCAT rely on the laser’s repetition rate tunability giving rise to a proportional increase in 
delay; if this was a non-linear trend, it would be extremely difficult to deconvolve each 
step meaningfully through the development of OSBERT, described in Chapter 3 onwards. 
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As discussed throughout this chapter, varying the biasing conditions does not only affect 
the repetition rate; in fact these conditions are responsible for the entire output 
characteristics of the device, and as such varying the reverse bias by the 3.20V required to 
tune the repetition rate fully will have a knock-on effect on all other parameters.  
 
Firstly, due to the increased absorption brought about by increasing the reverse bias to 
the absorber section, the average power will intrinsically fall, see Figure 2-25.  
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Figure 2-25 – The average optical power of the MLLD is seen to decrease due to increase of the reverse 
bias applied to the saturable absorber section. 
 
Additionally, the change in applied electric field also leads to changes in the optical 
spectrum, see Figure 2-26.  
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Figure 2-26 – a) Optical spectra traces showing the alteration in the optical spectrum as a result of 
increasing the reverse bias to the absorber section in order to tune the repetition rate. b) The general 
blue-shift of the central wavelength; inset, an example spectrum is fit with a Gaussian in order to 
mathematically determine the central wavelength. 
 
As is demonstrated in Figure 2-27, the pulse shape is assumed to be Gaussian from the 
goodness of fit to the autocorrelations, and therefore this is also the fit used for the 
optical spectra. After fitting, each optical spectrum’s central wavelength was plotted as a 
function of the applied reverse bias to reveal a blue shift. This would therefore not be 
directly supportive of the quantum confined Stark effect which as discussed, predicts a 
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red-shift in the optical spectrum, although (as is often cited in the literature) it is possible 
that QCSE is partially or fully countered-acted on by some of the many other described 
detuning factors; ultimately it is expected that any number of such effects exist together, 
dynamically balancing each other and producing a resultant net change in repetition rate.  
 
We may then finally consider the effects of increasing the reverse bias applied to the 
absorber on the resultant pulse duration, see Figure 2-27.  
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Figure 2-27 – a) Autocorrelation traces for increased reverse bias applied to the absorber b) the extracted 
pulse durations for each voltage step; inset, an example autocorrelation is fit with a Gaussian 
autocorrelation function in order to mathematically determine the pulse duration. 
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As the pulses in this work (acquired using the APE PulseCheck Autocorrelator described in 
section 2.3.1) are assumed to have a Gaussian shape, each autocorrelation is fit with a 
Gaussian whose measured FWHM is then divided by the Gaussian co-factor value, 1.41.  
 
The pulse duration as expected has also reduced with each increase of reverse bias, 
initially following a trend well fitted by an exponential decay. This trend (which has been 
observed throughout the project in other devices ([3] for example) is in agreement with 
pump-probe studies [115] which have shown an exponential decrease in absorption 
recovery time with an increase in reverse bias applied. Thereafter, the pulse duration 
remains relatively unchanged. This limit in pulse duration despite increasing the absorber 
bias has previously been linked with weaker absorption saturation for increasing reverse 
bias levels [116].   
 
As discussed, the benefit of pulsed laser output over continuous wave output is the ability 
to access higher instantaneous optical power with each intense pulse; this is the peak 
power and is calculated from the average power, the pulse duration and the repetition 
rate according to expression (4). Peak powers will therefore increase with increasing 
average powers, decreasing pulse durations and decreasing repetition rates. The 
maximum achievable peak power is of particular interest in non-linear optics. For 
example, second harmonic generation and two-photon absorption are both non-linear 
optical phenomena, whereby the desirable signal grows non-linearly with incident light 
intensity. The peak power was then calculated for increasing reverse bias according to 
expression (4), see Figure 2-28.  
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Figure 2-28 – Evolution of the calculated peak power as a result of increasing the reverse bias applied to 
the saturable absorber section.  
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The trend in peak power can be accounted for when considering that whilst the pulse 
duration is decreasing for increasing reverse bias, the average power is decreasing. Thus 
the turning point at the mid-way point of the MLR is indicative of the change in rate of 
these dynamics, reaching 292mW peak power at 6.0V, with just 3.4mW average power. 
 
2.5.2. Repetition rate tuning with current and temperature 
As was previously established from theory and from the generation of the laser’s specific 
mode-locking region (Figure 2-23), the repetition rate may also be tuned by varying the 
forward current applied to the gain section, as well as the reverse bias applied to the 
absorber section. Also mentioned but not studied is the ability to do so by varying the 
operational temperature of the entire device. For a full cross-sectional analysis, both the 
forward current and temperature were independently varied in order to ascertain their 
degrees of tunability. In the case of the forward current study, the temperature remained 
at a constant 20°C and the reverse bias to the absorber remained constant at 5.90V, 
varying the forward current from 210mA to 250mA. In the temperature study, the forward 
current applied to the gain section remained constant at 210mA whilst the absorber was 
constantly biased with 5.90V, varying the temperature from 16°C to 24°C, see Figure 2-29. 
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Figure 2-29 – Left, the change in repetition rate brought on by varying the temperature of the laser. Right, 
the change in repetition rate brought on by varying the forward current applied to the gain section. In 
each case the reverse bias to the absorber was constant at 5.90V. 
 
The direction of 3.53MHz of repetition rate tuning is negative for increasing temperature, 
reported similarly in [76], however the opposite to that found in [95]. The positive 
4.11MHz change in repetition rate for increasing forward current was found in both [76] 
and [97], however the opposite trend was found in [86, 98, 102], and as such we must 
conclude that without further comprehensive investigations of appropriate devices based 
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on a particular wafer structure, it is currently not possible to predict the direction or 
magnitude of repetition rate tunability within the scope of this project. 
 
It is possible in the case of the temperature study that thermal expansion is taking place in 
the GaAs [117] which makes up the majority of the device. A similar part-explanation was 
given in [93], although this was not due to the direct variation of the devices operational 
temperature, but due to temperature induced carrier heating for increasing bias levels. In 
the case of the narrow-ridge laser, the absolute device length may perhaps be increased 
with increasing temperature provided by the Peltier cooling system, giving rise to a longer 
roundtrip period and thus a lower repetition rate. This was calculated, see Appendix 7.2.1, 
and was found to give rise to too small a change in the device to be solely responsible for 
the repetition rate tuning (250kHz compared to the 3.53MHz measured). However, as 
with all other tuning effects, it is possible that thermal expansion at least contributes 
partly, whilst complex carrier dynamics and pulse shaping are the most significant causes. 
 
As with the reverse bias study, the forward current and temperature studies were 
examined in order to determine how the other output characteristics were affected in 
parallel with the repetition rate tuning, beginning with the changes in output average and 
peak powers, see Figure 2-30.  
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Figure 2-30 - The change in average and peak powers brought on by left, varying the operational 
temperature of the laser and right, varying the forward current applied to the gain section. 
 
In the case of the temperature study, the average power drops for increasing 
temperature, and may be explained in terms of carrier dynamics. An increase in 
temperature will lead to a higher rate of Auger recombination, which is a non-radiative 
process. Higher temperatures will also more readily excite carriers out of the hetero-
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structure, further reducing those available for radiative combination. The peak power 
varies somewhat, and given it is calculated from the repetition rate, average power and 
pulse duration across the tuning range, this is not surprising.    
 
For the forward current study however, the average power steadily increases due to the 
increase in carriers made available for radiative recombination within the active region. 
The general trend is an increase in peak power, likely due to the greater average powers 
associated with each point. The change in pulse duration for the temperature and forward 
current study were also measured, see Figure 2-31. 
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Figure 2-31 - Left, the change in pulse duration brought on by varying the operational temperature of the 
laser. Right, the change in pulse duration brought on by varying the forward current applied to the gain 
section. 
 
For the temperature study, pump probe experiments [118] have shown that the 
decreasing pulse duration for increased temperatures is due to the associated stronger 
thermionic carrier emission, which gives rise to decreased absorption recovery times. In 
this sense the increased temperature can be seen to aid in the removal of photo-
generated carriers. This is in contrast with the forward current study, in which the pulse 
duration increases for increasing current, and may be explained by an increase in self-
phase modulation [119], a process where gain saturation causes changes in carrier density 
which in turn gives rise to changes in refractive index, dependent on the light intensities – 
ultimately this could broaden the pulses due to the changes within the optical spectra.  
 
Finally the optical spectra of both the temperature and forward current studies were 
analysed for their shift in central wavelength, see Figure 2-32. 
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Figure 2-32 - Left, the change in the central wavelength of the optical spectra brought on by varying the 
operational temperature of the laser. Right, the change in the central wavelength of the optical spectra 
brought on by varying the forward current applied to the gain section. 
 
During the temperature study, the optical spectra can be seen to red-shift towards longer 
wavelengths for increasing temperature. This is simply explained in terms of the band-gap 
energy 𝐸𝑔, which reduces for increasing temperature 𝑇 according to the Varshni relation 
[120] such that 
 
𝐸𝑔(𝑇) =  𝐸𝑔(0) −
𝛼𝑇2
𝑇 + 𝛽
 
(10) 
 
Where 𝛼 and 𝛽 represent fitting parameters specific to the semiconductor material, and 
as such the expression describes the difference expected in the band-gap energy at some 
temperature T and that expected at absolute zero.  
 
In the case of the forward current study, a spectral red-shift was also observed. Given the 
gain section accounts for the majority volume of the entire device (compared to the 
significantly smaller absorber section), it is likely that a degree of Joule heating and other 
thermal effects due to non-radiative combination take place as the forward bias is applied 
across its length [121], leading to similar thermal effects found in the temperature study. 
These effects are likely exaggerated due to the fact the device is mounted p-side up, 
meaning the active region is physically further from the Peltier-cooler than if the device 
were mounted p-side down. 
 
In order to assess the repetition rate tuning performance of all three tuning studies 
(reverse bias, temperature and forward current), the variation of each characteristic was 
plotted as a function of the magnitude of the change in repetition rate Δf, see Figure 2-33. 
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Figure 2-33 – Comparison of reverse bias, temperature and forward current studies of repetition rate 
tunability and their resultant trends in a) average power b) pulse duration c) central emission wavelength 
and d) peak power. 
 
As can be seen, for the conditions examined, the available magnitude of absolute 
repetition rate tunability was far greater for the reverse bias study compared to both the 
temperature and forward bias cases, however this larger repetition rate tunability is 
accompanied by greater variations in the output characteristics.  
 
As a reminder, one of the aims of this project is to achieve optical sampling based on a 
variation of the OSCAT technique, discussed in Chapter 1. According to expression (1) in 
order to build OSBERT, the repetition rate must be tunable by Δf, and (to complete 
another aim) this should ideally occur as quickly as possible in order to demonstrate fast 
scan rates. Therefore, we immediately exclude the notion of performing optical sampling 
based on repetition rate tuning by temperature, because stabilising the temperature of 
the device is a process which oscillates over several tens of seconds before settling; 
therefore each individual time delay point would have to be acquired on this time scale, 
leading to extremely slow scan rates – though it would be possible. Therefore, the 
repetition rate will be far more quickly tuned electronically via the gain or absorber 
biasing conditions. 
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Having now the choice of tuning either by variations in forward current to the gain section 
or in reverse bias to the absorber section, we finally exclude the former. The primary 
reason is simply that tuning via the gain section led to far lower repetition rate tunability, 
and ultimately this value needs to be as high as possible (discussed further in chapter 3). 
The secondary reason is that in order to quickly drive the change in repetition rate 
electronically a signal generator must be used (discussed further in chapter 4). In the case 
of the reverse bias to the saturable absorber, this requires only replacing the power 
supply with the signal generator, whereas in the case of the forward current to the gain 
section, this requires modulating the signal to the diode driver; a far less trivial task. On 
this basis, for the purposes of the remainder of this project, repetition rate tunability 
brought about by variations in the reverse bias supplied to the absorber section was 
adopted for all experiments. 
 
An option for a future study may be to modulate the bias supplied to both the gain and 
absorber sections simultaneously in order to attempt to limit the changes in the output 
characteristics. Though non-trivial, a region could be mapped out where a variation in 
forward current applied to the gain section could compensate for output characteristic 
changes brought on by variations in the forward current applied to the gain section, whilst 
still allowing a linear change in repetition rate.  
 
2.5.3. Tapered-waveguide laser  
Similar output characteristic data was acquired and presented at a conference for the 
tapered-waveguide laser [6], focussing on the repetition rate tuning by variation in reverse 
bias applied to the absorber section, and using the same fitting techniques to 
mathematically determine the trends in the other corresponding output characteristics. 
These are briefly detailed here for contrast with the narrow-ridge device. Most 
importantly, we consider the repetition rate tunability which was maximised to 5MHz by 
fixing a forward current to the tapered gain section of 760mA, whilst tuning the reverse 
bias applied to the absorber section from 3.80V to 4.20V, see Figure 2-34. 
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Figure 2-34 - a) RF Spectra at 760mA forward current to the gain section for increasing reverse bias to the 
absorber section across the MLR. b) The repetition rate is seen to be tuned by approximately 5MHz. 
 
Similarly to that of the narrow-ridge device, the tapered device also exhibited a decrease 
in repetition rate (or negative tuning) for increasing reverse bias. 
 
It is important to also remember that the corresponding output characteristics will also 
vary due to the change in biasing conditions. Similarly to that of the narrow-ridge 
waveguide device, the optical spectra collected across the reverse bias range were found 
to blue-shift, see Figure 2-35. 
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Figure 2-35 – A general blue-shift of the central wavelength of the optical spectra was brought on by 
increasing the reverse bias applied to the absorber section of the tapered waveguide device. 
 
As with the narrow-ridge device, the pulse duration was found to decrease exponentially 
for increasing reverse bias applied to the saturable absorber section, see Figure 2-36. 
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Figure 2-36 - The extracted pulse durations for each reverse bias value applied to the absorber section of 
the tapered waveguide laser. 
 
Unlike the narrow-ridge device, however, a pulse duration limit is not reached here for 
higher reverse bias values. This is due to the fact that stable mode-locking ended abruptly 
within this particular regime of the device’s MLR, and pulse durations were no longer 
measurable by autocorrelation. 
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Finally, also as with the narrow-ridge device, the average power decreased across the 
increasing reverse bias range due to the greater level of absorption in the saturable 
absorber, however the peak power continually increased, see Figure 2-37.  
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Figure 2-37 – Whilst the increase in reverse bias to the absorber section has the effect of decreasing the 
average output power, the peak power increases. 
 
As with the narrow-ridge device, the achievable peak power is important for consideration 
in non-linear optics such as two-photon absorption, discussed further in chapter 3. 
Whereas the narrow-ridge device showed peak powers in the range of a few hundred 
mW, the inherent increased average power owed to the tapered gain section has also 
given rise to significantly higher peak powers of a few W, as expected from expression (4).  
 
2.6. Conclusions 
The narrow-ridge device was found to exhibit a maximum tunability of around 10MHz 
whilst a constant forward bias of 210mA was applied to the gain section, and a reverse 
bias of 4.60-7.80V was applied to the absorber section. By contrast, the tapered 
waveguide device exhibited a maximum tunability of around 5MHz whilst a constant 
forward bias of 760mA was applied to the tapered gain section, and a reverse bias of 4.60-
7.80V was applied to the narrow absorber section. It was concluded that without either 
more comprehensive experimental and theoretical information in the literature, or more 
devices to systematically test, the exact mechanism for the repetition rate tuning may not 
be precisely pin-pointed, but attributed to a dynamic interplay of gain and absorber 
dynamics, refractive index changes, spectral shifts and pulse shaping. This tunability, as 
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discussed in Chapter 1, is vital to the development of the optical sampling technique 
OSBERT, which is similar to OSCAT and is studied in the following chapters. 
 
Repetition rate tunability was also found for varying the temperature of the narrow-ridge 
device and for varying the forward current applied to the gain section. The level of 
tunability over these regimes was found to be lower than that of the reverse bias study, 
and as such was excluded from further experiments. An interesting idea for future 
experimentation would be to simultaneously modulate the biasing conditions in both the 
gain and absorber sections in order to attempt to maintain relatively constant output 
characteristics. 
 
A parametric study of all major output characteristics across both the narrow-ridge and 
tapered waveguide devices demonstrated that whilst both exhibit many opportunities for 
repetition rate tunability via selected changes in the reverse bias, we must consider also 
that the average power, peak power, optical spectra and pulse durations will all be varying 
simultaneously. Consider the example of using this repetition rate tunability, in an OSCAT 
system as a replacement for a two-photon absorption mechanical stage optical sampling 
system. The mechanical stage system varies only the optical path length between two 
identical pulse trains, reading the nonlinear TPA signal at a detector; the laser parameters 
are held constant throughout. Adopting instead an OSCAT regime involves varying the 
repetition rate in order to produce the same results, whilst keeping the optical path length 
constant. If one of the described MLLD devices were used in such a configuration, we must 
consider the difference in results which may be expected.  
 
For example, given TPA is a nonlinear phenomenon which is heavily dependent upon the 
laser excitation power and wavelength, driving the temporal delay via the reverse bias 
applied to the devices will likely impact not only the interaction, but the resultant traces. 
In particular the decrease in average power across the range will likely skew the baseline, 
whereas the increase in peak power due to shorter pulse durations will improve the 
nonlinearity effect, which due its wavelength-dependence, will also change with the slight 
blue shift of the optical spectra. The same can be said of a linear detection regime (such as 
single photon absorption) depending on the detector’s (or the target’s) spectral 
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responsivity, however in this case the peak power and pulse duration will have less of an 
impact than average power or central wavelength. 
 
A summary of the change in output characteristics are generalised and tabulated for each 
device as they will be referred to throughout the subsequent chapters, see Figure 2-38. 
 
NARROW-RIDGE WAVEGUIDE DEVICE 
Output 
Characteristic 
Description of response to change in reverse bias 
(4.60V to 7.80V) at 210mA forward current 
Percentage 
Change 
Repetition Rate Approximately 10MHz decrease from 5.079GHz to 5.069GHz -0.20% 
Average Power Approximately 4.6mW decrease from 6mW to 1.4mW -76.70% 
Optical 
Spectrum 
Central wavelength decrease of 7nm from 1268nm to 1261nm -0.60% 
Rough increase in FWHM of ~1nm from ~3nm to ~4nm +33.3% 
Pulse Duration Approximately 4ps decrease from 5.5ps to 1.5ps -72.70% 
Peak Power Initial increase from 215mW up to 290mW at 6.0V, followed by 
a decrease to 185mW at 7.80V 
+34.90%,  
-36.20% 
 
TAPERED WAVEGUIDE DEVICE 
Output 
Characteristic 
Description of response to change in reverse bias 
(3.80V to 4.20V) at 760mA forward current 
Percentage 
Change 
Repetition Rate Approximately 5MHz decrease from 15.962GHz to 15.958GHz -0.03% 
Average Power Approximately 5.5mW decrease from 77.5mW to 72mW -7.10% 
Optical 
Spectrum 
Central wavelength decrease of ~1.25nm from 1255.5nm to 
1254.25nm 
-0.10% 
Rough increase in FWHM of ~0.45nm from ~3.5nm to ~3.95nm +12.90% 
Pulse Duration Approximately 0.5ps decrease from 2.15ps to 1.65ps -23.30% 
Peak Power Approximately 0.55W increase from 2.25W up to 2.8W  +24.40% 
Figure 2-38 – Overview of the output characteristic changes induced by tuning the repetition rate via the 
reverse bias applied to the saturable absorber of both the narrow-ridge and the tapered device. 
 
As can be seen, there are a number of important differences between the two devices; 
whilst they share a similar wavelength, the narrow-ridge device has a repetition rate 
approximately a third of that of the tapered device, and both are capable of producing 
pulses as short as a few picoseconds. However, the ultimate key difference in the devices 
is their difference in output powers. Whilst the narrow ridge device achieves a few 
hundred mW peak power, the tapered device achieves peak powers of several W. It is this 
key difference which will determine the devices’ suitability for non-linear optics detection 
methods such as TPA when deployed in the optical sampling systems developed 
throughout this project. 
59 
 
 
Important to note is the percentage changes in the output characteristics over their 
repetition rate tunability range. Although the narrow-ridge device achieves a higher 
repetition rate tunability Δf of 10MHz versus the tapered devices’ 5MHz, it occurs over a 
significantly broader range of the reverse bias to the absorber section (a total of 3.20V 
versus 0.4V respectively), and so it is clear to see the resultant output characteristic 
changes are also significantly greater in the narrow-ridge device. For the subsequent 
chapters we will refer to the device-specific ratio of repetition rate tunability to reverse 
bias amplitude as the ‘characteristic tunability’, ∆𝑓𝑟𝑒𝑝 ∆𝑉⁄ , in units of MHz per V. As such, 
the narrow-ridge device has a characteristic tunability of 3.125 MHz/V whilst the tapered 
device quadruples this performance with 12.5 MHz/V. This value gives a strong numerical 
indication of the efficiency of each device for their deployment in optical sampling 
systems which require a change in repetition rate via biasing conditions; ultimately a large 
tunability over as narrow a sweep of the reverse bias as possible is preferred in order to 
minimise the alterations to the additional laser output characteristics. These factors are 
always taken into consideration in the following chapters. 
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3. OSBERT: Proving the Principle 
This chapter discusses the fundamentals of the first optical sampling technique developed 
during the project. OSBERT (Optical Sampling By Electronic Repetition-Rate Tuning) is 
described from the basic theoretical background with regard to a viable replacement for 
optical sampling techniques which use mechanical stages, thus accomplishing the aim of 
scanning without any mechanical parts, owed to the electrical repetition rate tunability 
discussed in Chapter 2. The technique is then demonstrated experimentally and referred to 
in this section as S-OSBERT (Slow-OSBERT) due to the slow nature of the data acquisition, 
similar to that of the mechanical stage it replaces. The lack of any moving parts paves the 
way for a significant increase in scan rate which is discussed in the following chapter. 
Moreover, it is shown for the first time during this chapter that OSBERT requires only one 
laser, differentiating it further from the two-laser ASOPS and ECOPS techniques described 
in Chapter 1. OSBERT is tested in simple proof-of-concept applications, using both linear 
and non-linear optics approaches, and the results are contrasted with a conventional 
mechanical translation stage technique. 
 
3.1. Theoretical introduction 
As discussed in the introduction, the OSBERT method is based partially on the principle of 
OSCAT; a technique where a temporal delay between pump and probe pulses at some 
target position is brought about by varying the laser’s repetition rate, and introducing a 
large passive imbalance between the two arms of an interferometric setup. The key 
difference is that unlike OSCAT which realises the repetition rate tunability through 
mechanical intra-cavity mirror variation, OSBERT achieves this by variations in electrical 
biasing, as demonstrated in chapter 2. 
 
In an OSBERT setup, the passive delay line (PDL) which makes the long arm of an 
interferometer is long enough (accommodating many roundtrip periods, Trep = 1 / frep), 
that adjusting the repetition rate of the source MLLD causes a change in the delay time 
between pump and probe pulses at some target position. Upon each instance the 
repetition rate is tuned, the probe pulse is delayed further behind the pump pulse. 
Depending on the application, either the PDL length l or the range of repetition rate 
tunability Δf may be adjusted to optimise the available scan range.  
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At first the MLLD is seen to be pulsing at some initial repetition rate f1, whose roundtrip 
period is its inverse. Both resultant pulses (via the short arm and the PDL) upon 
recombination at some target position are found to have a fixed temporal delay over time. 
As the reverse bias to the absorber is increased, the repetition rate is detuned slightly to 
f2. Whilst this new repetition rate has now encountered the same target position via the 
short arm, the train of pulses with the former repetition rate f1 is still temporarily 
propagating at the target position, as the train of pulses with the new repetition rate has 
been delayed. When the temporal delay induced by the PDL is traversed, this results in 
both long and short arm beams conveying the same repetition rate to the target position.  
The fundamental difference in the final scenario is that the change in repetition rate via 
the long PDL has temporally offset the pulses at the final target position. This process may 
be repeated from a minimum repetition rate to a maximum repetition rate in user-defined 
steps in order to scan temporally across a maximum range. 
 
Mathematically, restated here from [59, 60], consider that the short arm pulse train 
contains a reference pulse i which arrives at the target position at time t = 0, and a 
subsequent pulse i + a arrives at some multiplication of the period Trep, such that t = a*Trep 
(e.g. the fifth pulse after the first will arrive five repetition periods later, such that the 
index a denotes the number of pulses propagating in the PDL), see Figure 3-1. 
 
 
Figure 3-1 – The principle of OSCAT as adopted for OSBERT. Splitting the pulse train into a short and a long 
path allows a variation in the repetition rate to give rise to a temporal delay between pulses incident at a 
target position. Diagram reproduced and adapted from [59]. 
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Within time tp, a pulse from the short arm travels a distance lp between the beam-splitter 
and the target position. The identical copy of this pulse in the PDL travels a longer distance 
ld + lp, such that it arrives at the target in time tp + td. However, pulse i + a will be delayed 
by time equal to 𝑎 ∗ 𝑇𝑟𝑒𝑝 with respect to pulse i, 
 
 
𝛥𝑡 = 𝑎 ∗ 𝑇𝑟𝑒𝑝 − 𝑎 ∗ (
1
𝑓𝑟𝑒𝑝 + 𝛥𝑓
) 
(11) 
 
Substituting 𝑇𝑟𝑒𝑝 = 1/frep and taking the common factor a, we then have 
 
 
𝛥𝑡 =
𝑎
𝑓𝑟𝑒𝑝
−
𝑎
𝑓𝑟𝑒𝑝 + 𝛥𝑓
= 𝑎 (
1
𝑓𝑟𝑒𝑝
−
1
𝑓𝑟𝑒𝑝 + 𝛥𝑓
) 
(12) 
 
We may now make the implicit equivalency whereby the component 𝑙 ∙ 𝑛 ∙ 𝑓𝑟𝑒𝑝/𝑐 is equal 
to the number of pulses a which may occupy the passive delay line length given the period 
between each pulse, where l is the length of PDL, n is the refractive index of the PDL, and c 
is the speed of light in a vacuum.  
 
 
𝑎 =
𝑙 ∙ 𝑛 ∙ 𝑓𝑟𝑒𝑝
𝑐
 
(13) 
 
As such equation (12) may be rewritten 
 
 
𝛥𝑡 =
𝑙 ∙ 𝑛 ∙ 𝑓𝑟𝑒𝑝
𝑐
(
1
𝑓𝑟𝑒𝑝
−
1
𝑓𝑟𝑒𝑝 + 𝛥𝑓
) 
(14) 
 
From this expression it is clear to see that the maximum available scan range will increase 
linearly with an increase in available repetition rate tunability, scaled by any increase in 
the available PDL, see Figure 3-2. In this example the plots are calculated to give a scan 
range for increasing repetition rate tunabilities assuming a repetition rate of 10GHz and 
the refractive index of air n = 1, for three different PDL lengths; 1m, 2m and 3m. 
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Figure 3-2 – For any given pulsed laser, a desired scan range may be achieved by any preferred 
combination of passive delay line (PDL) length or repetition rate tunability. In this simulated example the 
laser has a 10GHz repetition rate, and the passive delay line has the refractive index of air, n = 1.  
 
 
Thus, in terms of the MLLDs adopted for OSBERT, linearly tuning the repetition rate by 
varying the reverse bias applied to the absorber section of the MLLD from a minimum to a 
maximum value will in turn linearly delay the pump and probe pulses with respect to each 
other over this tuning range, which will scale by increasing the PDL. 
 
As such it is possible to trade one preferred parameter for another, depending on the 
application; a MLLD with low repetition rate tunability may make use of a longer passive 
delay line, whereas a laser with high repetition rate tunability can achieve the same 
scanning range using a far shorter passive delay line.  
 
The final expression may alternatively be rewritten to find the passive delay length 
required given a known repetition rate and tunability, and the desired temporal scan 
range 
 
𝑙 =
𝛥𝑡 ∙ 𝑐 ∙ (𝑓𝑟𝑒𝑝 + 𝛥𝑓)
𝑛 ∙ 𝛥𝑓
 
(15) 
 
We may also represent the expression for the special case where the entire period of the 
repetition rate is required as the temporal scan range (as in the case of ASOPS) by 
substituting 𝛥𝑡 = scan range = 1/𝑓𝑟𝑒𝑝 
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𝑙 =
𝑐 ∙ (1 +
𝛥𝑓
𝑓𝑟𝑒𝑝
)
𝑛 ∙ 𝛥𝑓
 
(16) 
 
Upon further examination, the total scan range available to any given pulsed laser source 
is more limited by the ratio of repetition rate tunability to the fundamental repetition rate 
Δf/𝑓𝑟𝑒𝑝 which for this project we shall refer to as the controllability factor β. Rearranging 
expression (14) for Δf we can consider the case where the scan range and PDL length are 
fixed, and the user may need to determine the degree of repetition rate tunability 
required to fulfil these conditions, we find 
 
 
𝛥𝑓 =
𝑐 ∙ 𝑓𝑟𝑒𝑝 ∙ 𝛥𝑡
(𝑙 ∙ 𝑛 − 𝑐 ∙ 𝛥𝑡)
 
(17) 
  
And as such, similarly if the ratio β must be determined to satisfy certain scanning criteria, 
it is simply expressed as 
 
  𝛥𝑓
𝑓𝑟𝑒𝑝
=
𝑐 ∙  𝛥𝑡
(𝑙 ∙ 𝑛 − 𝑐 ∙ 𝛥𝑡)
= 𝛽 
(18) 
 
Finally, rearranging for the scan range 𝛥𝑡 we now find that  
 
 
𝛥𝑡 =
𝛽 ∙ 𝑛 ∙ 𝑙
(𝑐 + 𝛽 ∙ 𝑐)
=
𝑙 ∙ 𝑛
𝑐
∙
𝛽
1 + 𝛽
=
𝑎
𝑓𝑟𝑒𝑝
∙
𝛽
1 + 𝛽
 
(19) 
 
This gives some indications as to the difference in scanning potential between two lasers 
of equal repetition rate tunability, but different fundamental repetition rates. When the 
controllability factor β is considered alongside various passive delay line lengths l on 
logarithmic axes, we begin to see the full picture of their combined impact on scan range 
as a contour plot, see Figure 3-3, where any MLLD and its controllability factor could be 
mapped for the delay line required in order to achieve a desired scan range. If we take the 
example of the two devices discussed so far, we may calculate their controllability factor 
for comparison. The narrow-ridge device has a fundamental repetition rate of frep ~ 5 GHz 
and a tunability of Δf ~ 10 MHz, giving a controllability factor of Δf/f = 0.002 (or 0.2% 
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controllability). The tapered waveguide device has frep ~ 15.9 GHz and a tunability of Δf ~ 5 
MHz, giving a controllability factor of Δf/frep = 0.0003 (or 0.03% controllability). 
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Figure 3-3 – Contour plot illustrating how the increasing controllability factor 𝜟𝒇/𝒇𝒓𝒆𝒑 of a pulsed laser 
source will effectively reduce the required length of passive delay line to achieve the desired scan range. 
The narrow-ridge and tapered waveguide lasers described in Chapter 2 are indicated for comparison. 
 
It is therefore clear that the absolute value of the repetition rate tunability is not in itself 
the most important factor when choosing a device for this method; the controllability 
factor β places the tunability into the context of the repetition rate of a particular laser 
and helps to provide an indication of how long of a passive delay line will be required to 
access the particular scan range required for the study. 
 
Finally, the advantages of using a fibre passive delay line over a free-space passive delay 
line are considered. Referring to expression (14) we consider that for many devices, 
depending on the required scan range, long passive delay lines may be difficult to realise 
in free space. Using an optical fibre as the PDL instead compresses the space required into 
a small spool, eliminating the need for long-distance beam alignment and knock on effects 
of any required beam shaping. Furthermore, the increased refractive index of optical 
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fibres (n   ̴ 1.46 in our studies, discussed further in Section 3.5.3) means a significant boost 
in scan range compared to that given by the same free space length, see Figure 3-4.  
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Figure 3-4 – Profile slices taken from the contour plot shown in Figure 3-3 demonstrating the benefit of 
using higher refractive index coiled fibre as a PDL when compared to the same length of free space PDL, 
giving rise to an increased temporal scan range for increasing controllability factor 𝜟𝒇/𝒇𝒓𝒆𝒑.  
 
3.2. Introduction to Autocorrelation  
Before testing a new optical sampling method on an application, a typical first proof of 
principle is often to perform a simple autocorrelation, or in the case of OSCAT, a cross-
correlation; the key difference being that an autocorrelation involves the interference of 
one pulse with an exact copy of itself, whereas a cross-correlation interferes two pulses 
which are not copies. OSBERT relies on a great imbalance between the arms of the 
interferometer by way of a PDL, and so cross-correlation occurs when one pulse is 
interfered with a different pulse delayed by the length of the imbalance, and this shall be 
the primary proof of principle. Since the principles of both auto- and cross-correlation are 
similar, autocorrelation is described for clarity. 
 
Depending on the requirements of the investigation, two main optical autocorrelation 
types were adopted throughout the project. The different resulting traces provide 
different information depending on the experimental conditions, including the setup 
geometry (collinear or non-collinear) and whether a linear or non-linear approach was 
used for the detection; (namely Single-Photon Absorption (SPA) or Two-Photon 
Absorption (TPA) [122] which are each described in section 3.2.1. 
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In both collinear and non-collinear geometries, the principle remains the same, as is 
outlined in [91] and discussed in chapter 2; an ultrashort pulse is split via a beam-splitter 
into two identical copies. One pulse copy traverses a stationary path, whilst the other 
traverses a path whose length may be varied, for example via a mirror mounted on a 
mechanical translation stage. The pulses recombine at a detector where the incremental 
delay in one arm walks the translatable pulse copy through the path of the stationary 
pulse copy, leading to an optical autocorrelation.  
 
The first-order interferometric autocorrelation results when a linear detection method is 
adopted. The pulse copies from the stationary arm and the translation stage propagate 
through a collinear path towards the detector, allowing the beams to combine 
interferometrically, see Figure 3-5. 
 
Figure 3-5 – Inteferometric autocorrelation setup. In the case of a linear detection regime, a first order 
autocorrelation results, whereas non-linear detection regimes (such as TPA or SHG) will result in an 
second-order interferometric autocorrelation. 
 
Described in detail by Diels et al [123], the fundamental autocorrelation function of an 
electric field 𝐸(𝑡) over time is given by 
 
 
𝐴(𝜏) = ∫ 𝐸(𝑡)𝐸(𝑡 − 𝜏)𝑑𝑡
+∞
−∞
 
(20) 
 
Where τ represents the delay between both pulse copies resulting from the spatial 
displacement of the translation stage. The complex electric field corresponds to an 
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intensity 𝐼(𝑡) = |𝐸(𝑡)|2 such that the intensity of the addition of the input electric field 
𝐸(𝑡) and its delayed copy 𝐸(𝑡 − 𝜏) is given by 
 
 
𝐼(1)(𝜏) = ∫ |𝐸(𝑡) + 𝐸(𝑡 − 𝜏)|
2𝑑𝑡
+∞
−∞
 
(21) 
 
Expansion gives rise (amongst others) to the term 𝐸(𝑡)𝐸(𝑡 − 𝜏). Since the electric field 
may be used to describe the pulse, in the linear autocorrelation regime, this 
interferometer may be used to measure the spectrum of a pulse, given the Fourier 
transform from the temporal to the frequency domain. Though used as a means of cross-
correlation throughout the project, this method does not provide information on the 
pulse duration. In order to do so, a second-order detection method must be adopted, for 
example using non-linear optics. 
 
An intensity autocorrelation is such a second-order process which results, for example, 
when the ultrashort pulse copies mix in either a collinear or a non-collinear (background-
free) experimental geometry. In chapter 2, non-linear intensity autocorrelations were 
achieved using a commercial SHG autocorrelator, where the background (input signal) is 
filtered away from the non-linear signal by focussing both beams onto a nonlinear SHG 
crystal, i.e. a background-free intensity autocorrelation in a non-linear setup, see Figure 
3-6. 
 
Figure 3-6 - Intensity autocorrelation setup: Both pulse copies are focussed onto a nonlinear crystal such 
that the resultant SHG signal only is directed towards the detector. 
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Both pulse copies are focussed down onto a non-linear crystal where the intensity of the 
autocorrelation grows non-linearly with the overlapped intensity of the input pulses, 
maximising when their peaks are precisely overlapped. The intensity autocorrelation gives 
a trace which may be used to estimate the original pulse duration, provided (as discussed 
in chapter 2) an appropriate co-factor is used depending upon the peak function used to 
fit to the trace. No phase information is retrievable from this intensity autocorrelation, for 
which a system which incorporates a spectral analyser such as FROG (Frequency-Resolved 
Optical Gating) must be adopted [124]. 
 
Finally, it should be noted that a second-order autocorrelation can also be interferometric 
if used in a collinear geometry, in which case (given great enough step resolution or fast 
enough detection), the fringes may also be resolved as with a first order trace, plus, like 
the intensity autocorrelation, the pulse duration is also retrievable. Ultimately, a collinear 
geometry was adopted for this project in terms of the proof of principle cross-correlations 
demonstrated, and are discussed further in this chapter. 
 
3.2.1. Single-Photon Absorption and Two-Photon Absorption 
The cross-correlator which was built for this project formed the basis of both the linear 
SPA and non-linear TPA OSBERT setups, depending on which combination of the two 
MLLD devices, and which of two detectors was used. 
 
Like SHG, TPA is also a non-linear optical process, whereby two photons are absorbed 
simultaneously in order to excite an electron from a lower energy state to an upper 
energy state. This is in contrast with SPA where only a single photon is required to excite 
the electron between lower and upper states. According to the Planck relation, as in the 
case of a semiconductor’s band-gap energy Eg between valence and conduction bands, an 
electron may make the transition directly between energy bands upon the absorption of a 
single photon having a corresponding frequency ν (or wavelength λ) where 
 
 
𝐸𝑔 = ℎ𝜈 =
ℎ𝑐
𝜆
 
(22) 
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where c is the speed of light in a vacuum and h is Planck’s constant. This photodiode 
arrangement is not unlike the reverse biased saturable absorber section of an MLLD 
discussed in chapter 2, where an absorbed photon creates an electron-hole pair and leads 
to a photo-current. TPA however occurs where the frequency of a single photon would 
not allow the direct transition between the bands, but instead two photons whose 
combined energy at a non-corresponding frequency is sufficiently great to excite the 
electron firstly from a ground state to a virtual state (situated part way between states) 
before the second absorption concludes the transition to the upper state. The intensity 
required to conduct a transition is significantly greater than that required by SPA (hence 
non-linear), as the probability of two-photon absorption grows with the square of the 
incident light intensity. As such, pulsed lasers with high peak powers (owed primarily to 
ultrashort pulse durations) are significantly more likely to give rise to TPA than a 
continuous wave laser of equal average power. 
 
TPA is an attractive alternative to SHG because a semiconductor phototodiode may itself 
serve as both the non-linear TPA medium and the detector [125]. In fact, in 1998 D. Reid 
et al summarised a number of commercially available semiconductor-based photodiode 
devices which were capable of producing TPA under suitable conditions in the context of 
autocorrelation [126]. Their work stipulated that provided the bandgap of the 
semiconductor material used to create the detector was sufficiently greater than the 
photon energy of the laser excitation (given by expression (22)), a non-linear response 
could arise, given a sufficiently high incident light intensity. As such, practically speaking, 
an excitation wavelength which coincides with the detectors spectral response will have a 
far greater probability of giving rise to a linear SPA response, whereas a longer wavelength 
is more likely to give rise to the non-linear TPA response, see Figure 3-7. 
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Figure 3-7 – An illustration of how SPA or TPA (or non-ideal combinations of both) may arise for any given 
detector’s spectral responsivity and the laser excitation wavelength. 
 
3.3. Linear and Non-linear Cross-Correlator with Temporal Pulse Positioning 
This section describes a first proof of principle of the OSBERT technique, referred to here 
as ‘Temporal Pulse Positioning’ (TPP), and is the precursor demonstration to using the 
technique in order to actively scan across some temporal range. 
 
3.3.1.  Experimental Setup  
This temporal pulse positioning technique requires the same configuration as the cross-
correlation setup described previously; a means to control the repetition rate of the MLLD 
via a change in reverse bias to the saturable absorber, and a passive delay line of suitable 
length determined by expression (15), see Figure 3-8 for a detailed illustration of the 
experimental setup used. 
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Figure 3-8 – Setup design for temporal pulse positioning. The MLLD is placed into a setup consisting of a 
PDL and the ability to control the repetition rate of the device using the power supply to alter the bias 
applied to the saturable absorber section. 
 
In essence this is a cross correlation device, whereby the original pulse train is split into 
two copies. The first is sent either on a free-space delay line or into an optical fibre several 
metres long (the PDL), and the second is sent via free space on a significantly shorter path 
of fixed length (the short arm). In the case of experiments carried out using the tapered-
waveguide device, only free-space PDLs were used as the device malfunctioned 
irreparably before the arrival of optical fibres. The delay between the arms means that, 
unlike in an autocorrelator, the pulse does not interfere with a copy of itself, but rather 
with another pulse altogether as outlined in the previous section. The benefit of using a 
fibre is that even extreme lengths may be coiled into a small space, whereas the free-
space path is limited by the space available on the optical bench, and may suffer from 
beam divergence and alignment issues. In the case of a fibre setup, the beam emerging 
from the fibre is then collimated with a fibre-coupled collimation package, which consists 
of an xyz translation stage (Thorlabs MBT616D/M 3-Axis Microblock Compact Flexure 
Stage) which the fibre is secured to using a fibre holder (Thorlabs HFB005 - FC/APC-
Connectorized Fibre Holder), whose output is then directed towards a collimation lens 
(Thorlabs C330TME-C aspheric lens, f=3.1mm). The entire fibre collimation is then 
mounted on a 30-cm-long mechanical translation stage (Thorlabs LTS 300mm, 0.1µm step-
size). Unless stated otherwise, when a fibre PDL of any length is used, it is a Thorlabs 
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SMF28E-FC design.  Both beams may then be combined via a further beam splitter, and 
directed towards a photodetector, whose electrical output may be acquired with a multi-
meter (Agilent 34401A Multimeter). In order to gain the maximum signal, an aspheric lens 
is used to focus the beam onto the detector’s active region (Thorlabs C230TME-C aspheric 
lens, f=4.51) which is coupled to a long pass filter in order to eliminate any stray signal 
contributing to background levels (Thorlabs FELH1000, 1000nm cut-on wavelength). 
 
For the purposes of the investigation, two main photodetectors were used for the 
detection of the cross-correlation. Given the significantly higher peak output power of the 
tapered device, this was selected to achieve a non-linear response from a silicon-based 
biased photodetector (Thorlabs 2GHz DET025AL/M). The spectral responsivity of the 
silicon detector spans a range of around 200-1100nm (see Figure 3-9), whereas the central 
emission wavelength of the tapered device is 1260nm, and thus it is potentially possible to 
generate two-photon absorption given high enough incident power as described 
previously, giving rise to non-linear intensity cross-correlations. The narrow-ridge device 
(also with an emission wavelength around 1260nm) was used in conjunction with a similar 
biased photo-detector which was instead Indium-Gallium-Arsenide (InGaAs) based 
(Thorlabs 5GHz DET08CL/M). The InGaAs detector’s spectral responsivity spans across an 
infrared band of around 800nm to 1600nm (see also Figure 3-9), meaning that OSBERT 
scans used with this laser and detector combination shall have a linear (or single photon 
absorption) response.  
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Figure 3-9 – The spectral responsivity of the two detectors used throughout the project with the indicated 
(blue dashed) emission wavelength of the tapered and narrow QD MLLDs. Detector responsivity data 
publicly available from Thorlabs [127]. 
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As an indication of the trace we can expect from both possible device and detector 
combinations, we take a simple cross-correlation using the mechanical stage optical 
sampling technique. For this, we must select biasing conditions which lead to stable 
ultrashort pulses for each device within their respective MLRs (760mA forward current 
and 3.80V reverse bias for the tapered device, and 210mA and 4.60V for the narrow-ridge 
device). These conditions correspond to 2.25W peak and 77mW average power from the 
tapered device, and 215mW peak and 6mW average power from the narrow device. In 
separate experiments with a steady repetition rate established, the mechanical stage 
position is moved such that the pulses from the long and short arms interfere, where the 
output voltage from the detector is recorded from the multi-meter, see Figure 3-10.  
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Figure 3-10 – Left, the non-linear TPA cross-correlation trace from the tapered device and Si detector, 
acquired with a step size of 20µm. Right, the linear SPA cross-correlation resulting from the narrow-ridge 
device and InGaAs detector, acquired with a step size of 1µm. 
 
As can be seen, the non-linear TPA cross-correlation from the tapered device and silicon 
detector takes a Gaussian shape (as fitted to the trace), qualitatively resembling the SHG 
autocorrelations discussed in Chapter 2. Whereas the SHG autocorrelation under these 
operational conditions had a duration of 3.04ps (2.15ps when the Gaussian co-factor of 
0.707 is applied), the TPA cross-correlation had a FWHM of 3.33ps without applying a co-
factor. The broadening of the trace is likely due to dispersion in the long free space path. 
The noise levels throughout the trace are thought to be evidence of a fringe pattern, 
caused by poor free-space alignment over such a large distance leading to a partially 
interferometric cross-correlation, and was not fully optimised before the device 
malfunctioned. Though not ideal, this does not impede the ability of the device to 
demonstrate OSBERT. This is in contrast with the narrow-ridge device and the InGaAs 
detector cross-correlation, which has a typical first order interferometric response.  
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3.3.2. Scan range calculation for each device for TPP 
Given that the mechanical cross-correlation principle has been demonstrated as a basic 
optical sampling technique under static biasing conditions, it is now necessary to pave the 
way for the OSBERT TPP effect. Revisiting the tunability of each of the two devices (the 
narrow-ridge and the tapered waveguide device) we may convert the exact reverse bias 
applied into the known repetition rate at that value, giving the repetition rate tunability 
Δf, see Figure 3-11. 
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Figure 3-11 – The repetition rates frep  detected under each reverse bias for left, the tapered-waveguide 
and right, the narrow-ridge devices, overlaid with the relative repetition rate tunability Δf. 
 
Fitting a linear function to the results for the narrow-ridge device shown in Figure 3-11 
gives us the direct relationship between reverse bias V in volts and the resultant repetition 
rate 𝑓𝑟𝑒𝑝 in Hz 
 𝑓𝑟𝑒𝑝 = −3.03799 × 10
6𝑉 + 5.09294 × 109 [𝐻𝑧] (23) 
 
Each step in voltage may now be independently converted to a repetition rate value 
according to expression (23), which in turn may be calculated as a change in the original 
repetition rate. Similarly for the tapered waveguide device, we may approximate the 
relationship between the repetition rate and the applied reverse bias with a linear fit 
 
 𝑓𝑟𝑒𝑝 = −1.3076 × 10
7𝑉 + 1.60123 × 1010[𝐻𝑧] (24) 
 
We may now apply the described theory to determine the maximum scan range made 
available by the two devices using expression (14), were they to be tuned from their 
minimum to maximum reverse biases (though in reality, any subset of the biasing range 
could be used and give a relative scan range based on the repetition rate tunability 
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attributed to it). We must take into account that although the change in repetition rate 
through changes in reverse bias levels was approximated with a linear fit to the data, in 
reality this is not perfectly the case, which may affect the results in experiment. 
 
In the case of the tapered waveguide device, free-space experiments at 0.67m and 1.79m 
passive delay length were conducted, whereas the narrow-ridge device was used in 
combination with a variety of fibre lengths at 1m, 2m and 5m, see Figure 3-12. It is 
important to recall that due to the refractive index of the fibre, n = 1.46, this means that 
1m of fibre is equivalent to 1.46m of free space passive delay line in terms of the scan 
range achieved from expression (19). 
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Figure 3-12 – Assuming the full repetition rate tunability brought about by the variation in reverse bias is 
applied, the potential scan range of each device is now plotted as a function of the various passive delay 
line lengths available. Left, that of the tapered device, and right, that of the narrow-ridge device. 
 
As such, with these experimental configurations in the laboratory, the maximum temporal 
scan range available to the tapered device is around 2ps, whilst that of the narrow-ridge 
device is around 50ps. Even comparing similar lengths of passive delay line between the 
two devices, we find the narrow-ridge device consistently has the competitive edge in 
scan range, which as previously discussed is due to their difference in controllability factor 
β.  
 
Due to the nature of the OSBERT method, taking a series of mechanical stage cross-
correlations, each acquired fully under a different reverse bias within the MLR, should 
theoretically lead to a shift in the position required to find the cross-correlation along the 
mechanical stage axis; the OSBERT-induced temporal shift (according to equation (14)) will 
essentially apply to the entire cross-correlation spatial position. Figure 3-13 represents the 
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results of the calculations which predict the offset in stage position when using the 
15.9GHz tapered waveguide device with a totally tunability of 5MHz across both of the 
available free-space passive delay line lengths, 0.67m and 1.79m. In each trace the only 
difference is the level of reverse bias applied leading to a change in repetition rate5. 
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Figure 3-13 – Diagram illustrating at which position on the mechanical stage a cross-correlation will be 
found for increasing reverse bias levels to the tapered-waveguide device for  free-space passive delay line 
lengths of left, 0.67m and right, 1.79m. 
 
As can be seen, approximately 0.7ps and 1.9ps scanning range should theoretically be 
made available by 0.67m and 1.79m of free-space PDL respectively, illustrating the 
theorised increase in scanning range expected for an increase in PDL length.  
We then take the example from the narrow-ridge MLLD also with pulse widths of 2ps, a 
fundamental repetition rate of 5.07GHz and a repetition rate tunability of 10MHz, see 
Figure 3-14. Three different fibre-based passive delay line lengths of 1m, 2m and 5m with 
refractive index n = 1.46 were used in order to demonstrate the PDLs ability to scale the 
temporal scanning range. In reality, depending on the position of the mechanical stage 
within the PDL (long arm) and the difference in free-space between the long and short 
arms, there may also exist a free-space component which adds to the PDL. In these cases, 
the free-space component is included in the calculations. When these parameters are 
placed in the fundamental equation (14) for temporal delay, it becomes possible to 
determine the full scan range of the system, as well as predict which position on the 
mechanical stage we should expect a cross-correlation. 
 
                                                     
5
 Note, for this theoretical illustration of temporal displacement, the additional changes in output 
characteristics outlined in chapter 2 were not included, such as the change in pulse duration, average and 
peak powers, or central wavelength, and so a 2ps pulse duration with arbitrary intensity is a simplification. 
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Figure 3-14 – Diagram illustrating the offset in temporal (or spatial) position of the cross-correlation when 
the reverse bias is altered in order to detune the repetition rate (based on the characteristics of the 
narrow-ridge-waveguide device and three optical fibre PDL lengths; 1m, 2m and 5m). 
 
According to these calculations, approximately 10ps, 20ps and 50ps scanning range are 
made available by 1m, 2m and 5m lengths of optical fibre PDL respectively. Again we 
should note the bonus in both the ability to coil the far longer fibre delay line into a small 
space, and the greater refractive index which gives rise to longer scan ranges than a free-
space delay line. 
 
3.3.3.  Single and two-photon experimental results 
As illustrated in the experimental setup, a custom LabVIEW program6 allows the 
mechanical stage at the long arm to move in small increments with respect to the short 
arm and collect the output at the multi-meter for each step taken, thus leading to a cross-
correlation trace. As per the theoretical calculation, this is repeated under various 
increments of reverse bias applied to the absorber section. In the case of the tapered-
waveguide device, the gain section has a forward current of 760mA applied, and cross-
                                                     
6
 Note, this LabVIEW program was previously built for use with a smaller translation stage within the group, 
and was simply updated for use with the 30cm Thorlabs Translation Stage used throughout the project. 
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correlation traces are taken when the saturable absorber is biased at five discrete voltages 
within the MLR from 3.80V to 4.20V. The process is repeated when the free-space PDL is 
increased from 0.67m to 1.79m, see Figure 3-157.  
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Figure 3-15 - Temporal pulse positioning traces using the tapered-waveguide device for above, 0.67m PDL 
and below, 1.79m PDL. Increasing the reverse bias detunes the repetition rate creating a temporal 
displacement between cross-correlation positions. Dashed lines represent the Gaussin fit for each trace. 
 
As can be seen, varying the reverse bias applied to the absorber from the minimum to 
maximum voltage within the MLR has caused a spatial shift in each cross-correlation, 
leading to a total 0.22mm displacement, corresponding to a temporal range of 0.74ps in 
                                                     
7 Note, For the purposes of the experimental results throughout this project, when ‘Stage Position (mm)’ is 
given as the x-axis of a trace, this is not reflective of the position of the stage within the entire length of the 
long arm of the setup, but only of the arbitrary local position on the 300mm of available travel. The exact 
imbalance in free space and optical fibre is always provided and used in calculations. 
 
80 
 
 
the case of the 0.67m free-space PDL. This was calculated by fitting a Gaussian to each 
trace in order to determine the central peak value of each cross-correlation before finding 
the difference in peak position. Similarly, in the case of the 1.79m free-space PDL, a total 
spatial shift of 0.58mm (or a temporal shift of 1.93ps) was measured. Both measured 
temporal displacements are in good agreement with the theoretically predicted values of 
0.7ps and 1.88ps for the 0.67m and 1.79m PDL lengths respectively, as illustrated 
previously in Figure 3-13. 
 
The minor discrepancy in the theoretical and experimental values of temporal 
displacement is likely due to the actual repetition rate tunability, which was fit as a linear 
function of applied reverse bias, whereas in reality this is not perfectly the case and is not 
accounted for in the conversion to delay time; neither, it should be noted, are the 
differences in optical spectrum, average and peak powers, or pulse durations for each 
value of reverse bias used. In addition, the measurement of the length of free-space PDL is  
subject to a reading error of ±2mm, whilst there is also an additional error in the 
mathematical determination of the central peak during the Gaussian fit. Of interest also is 
the narrowing of each cross-correlation trace for increasing reverse bias, see Figure 3-16. 
3.7 3.8 3.9 4.0 4.1 4.2 4.3
2.8
3.0
3.2
3.4
3.6
3.8
4.0
C
ro
s
s
-C
o
rr
e
la
ti
o
n
 F
W
H
M
Reverse Bias (V)
 0.67m PDL
 1.79m PDL
 
Figure 3-16 – The cross-correlations FWHM for increasing reverse bias is seen to decrease, whilst the 
effects of dispersion are evident in the broader FWHMs of the longer PDL. 
 
The narrowing of the individual cross-correlations across both PDL studies may be 
attributed to the narrowing of the original pulses which were used to construct them, for 
which we can refer to their autocorrelation traces (see chapter 2, Figure 2-36). 
Additionally, the increase in PDL length appears to have slightly broadened the cross-
correlations. This is likely due to dispersion in the longer free-space delay, but was also 
shown by Tourrenc et al to be an artefact of increased timing jitter for increased 
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imbalances within a cross-correlator [128]. This is discussed further in Chapter 4. It is 
important therefore to note that across a reverse bias range, as well as all the original 
pulse parameters (such as pulse duration, optical spectra, repetition rate and peak and 
average powers) the cross-correlation traces will themselves be distorted to an extent.  
 
Analogously, in the case of the narrow-ridge device, the gain section has a forward current 
of 210mA applied, and cross-correlation traces are taken when the saturable absorber is 
biased at five discrete voltages within the MLR from 4.60V to 7.80V, see Figure 3-15. The 
procedure is repeated for the three lengths of optical fibre PDL available; 1m, 2m and 5m 
with refractive index n = 1.46. 
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Figure 3-17 -Temporal pulse positioning traces using the narrow-ridge device and InGaAs detector for 1m, 
2m and 5m PDL lengths composed of optical fibre of refractive index n = 1.46. 
 
As with the tapered device, the experimental results are in strong agreement with the 
corresponding narrow-ridge model, which calculated temporal displacements of 9.7ps, 
19.4ps and 48.6ps for PDL lengths of 1m, 2m and 5m respectively. Experimentally, varying 
the reverse bias applied to the absorber from the minimum to maximum voltage within 
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the MLR caused a spatial shift in each cross-correlation, leading to an overall 3.16mm 
displacement, corresponding to a temporal range of 10.52ps in the case of the 1m fibre 
PDL. In the case of the 2m fibre PDL, a spatial shift of 5.90mm (or a temporal shift of 
19.68ps) was found, and for the 5m fibre PDL a spatial shift of 13.8mm (or a temporal shift 
of 46.13ps) was found. As with the tapered device, the errors associated with the minor 
discrepancy may be attributed to reading the length of PDL at +/-2.0mm, fitting Gaussians 
to the upper envelopes in order to determine the central peak, the slightly non-linear 
nature of the repetition rate tunability for reverse bias as compared with the linear fit, and 
the changing pulse characteristics for each reverse bias applied, which are not taken into 
account. 
 
In the case of each device’s TPP experiments, for any given PDL length, the only change 
between each cross-correlation trace is the level of reverse bias applied to the absorber, 
and we may therefore conclude that the combination of PDL and repetition rate tuning 
has led to a temporal delay. What is evident in both experiments is a reduction in the 
intensity of each cross-correlation trace, corresponding to each increase in the reverse 
bias applied during their acquisition. As discussed in chapter 2, an increase in reverse bias 
means an increase in absorption, leading to a decrease in average power. This is realised 
as a reduction in the output voltage from each detector due to the reduced optical power 
incident upon their active region, also resulting in a reduction in the background level. 
Also discussed in chapter 2, whilst the narrow-ridge device is capable of 10MHz tunability, 
it exhibits a characteristic tunability of 3.125 MHz/V whilst the tapered device 
demonstrates 12.5 MHz/V with a tunability of 5MHz. Quantitatively speaking, the narrow-
ridge device must tune across 3.20V reverse bias, which leads to a final 76% reduction in 
average power across this range, evident in the TPP traces. Conversely, the tapered-
waveguide device must tune over only 0.4V reverse bias, leading to only a 7% total 
reduction in average power. 
 
Ultimately, these mechanical stage cross-correlation scans successfully prove the 
fundamental principle of OSBERT; that is to say that increasing the reverse bias applied to 
the saturable absorber tunes the repetition rate, and as a result due to the PDL, shifts the 
pulse positions temporally, giving rise to a total scan range whose magnitude is dependent 
on the controllability factor β and the length l of passive delay line. 
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3.4. Slow-OSBERT: Automated, Non-Mechanical Scanning 
3.4.1. Single and Two-Photon Experimental Setup 
As described, whilst Temporal Pulse Positioning (TPP) successfully demonstrated the 
principle, S-OSBERT (a Slow-OSBERT scan) is the next major step in demonstrating the 
capability of this optical sampling technique. Instead of simply varying the position at 
which we may find a cross-correlation through discrete increases to the absorber bias 
levels as with TPP, we may now (having found a suitable cross correlation position) instead 
linearly increase the voltage across the entire scan range, through the cross-correlation 
position. Essentially this means instead of moving the mechanical stage by a short 
distance and collecting a data point from the detector at each position, we hold the 
mechanical stage absolutely stationary, centred at the expected peak position of a cross-
correlation, and simply increase the reverse bias to the absorber, detuning the resultant 
repetition rate, and ultimately temporally displacing each successive point. At each 
increase of the reverse bias, a voltage readout is now taken from the detector, resulting in 
delay time data point. The setup is similar to that described using the TPP, however the 
newly customised LabVIEW program now controls the same power supply which has been 
used throughout the project (Agilent E36447A), and applies the reverse bias to the 
absorber section and then reads the value of the detector (which is based on the incident 
optical power), see Figure 3-18. 
 
 
Figure 3-18 – The experimental setup is altered from TPP and mechanical stage optical sampling to 
SOSBERT. The mechanical stage simply aids the demonstration and is stationary during these scans, 
serving only to overlap the pulse train exiting the PDL precisely with that of the short arm. 
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It is important to note that although the translation stage still exists within the setup, it 
does not itself conduct any manner of temporal scanning; it serves only to align the short 
and long arm of the interferometer into an optimum position where a SOSBERT scan may 
now enable the acquisition of a cross-correlation independently.  
 
It should be noted that the term ‘slow’ is applied here to differentiate from fast OSBERT 
(F-OSBERT) scans which are discussed in Chapter 4. SOSBERT scans are acquired using 
discrete steps of reverse bias (and thus discrete steps in repetition rate) rather than the 
sweeping scans and various complexities of FOSBERT, and are therefore comparable to 
the discrete step size in stage position used during mechanical stage scans. That is to say 
the purpose of OSBERT is to effectively replace the moving mechanical stage with a power 
supply. Therefore, SOSBERT scans occur over similar time-scales to mechanical stage scans 
(several minutes per cross correlation) and as such do not at this point compete with 
other optical sampling techniques such as ASOPS in terms of scan rate. 
 
3.4.2. Narrow-Ridge Device: linear SPA Experimental Results 
To begin with, a standard mechanical stage cross correlation trace is acquired, which 
serves a number of purposes. Firstly, it provides us with the stage position required which 
will produce a cross-correlation under the SOSBERT technique. Secondly it provides a 
reference trace for comparison with the SOSBERT technique. Thirdly, it provides us with 
the duration of the event. This means we may select either the PDL length or the fraction 
of the available repetition rate tunability (or both) in order to best scan the feature. 
Typical first order cross-correlations have exhibited full spatial widths of less than 2mm 
(corresponding to a temporal widths of less than 7ps), and as such when using the choice 
of 1m, 2m or 5m fibre PDL lengths we may now calculate the optimum reverse bias range 
(repetition rate tunability) required to scan a minimum delay of one cross-correlation. 
 
The narrow-ridge device is typically tuned from 4.60V to 7.80V (a total range of 3.20V) 
reverse bias, which gives rise to 10MHz repetition rate tunability. We may in fact reduce 
the reverse bias range as scanning the full range will not be necessary for the acquisition 
of single cross-correlations, and as such for each length of fibre a reverse bias range of 
5.35V to 6.45V is selected at a step-size of 0.5mV. We therefore apply the previously used 
value of forward current (210mA) to the gain section of the narrow-ridge device, and 
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5.90V reverse bias to the absorber section, before acquiring a standard mechanical-stage 
scan at one of the spatial positions along the axis of the stage which would result in a 
cross-correlation between two pulses, see Figure 3-19.  
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Figure 3-19 – Standard mechanical stage cross-correlation trace taken at 210mA forward current to the 
gain section and 5.90V reverse bias to the absorber section. The central peak occurs approximately at 
position 44.20mm, and the step-size is 1µm. 
 
 At a step-size of 1µm, the trace covers 1.5mm, corresponding to a temporal step-size of 
3.33fs and a scan range in this case of 5ps. The mechanical stage cross-correlation 
indicates that an ideal position to conduct the same trace using the SOSBERT technique 
will be at or around 44.20 mm on the mechanical stage8.  
 
The stage is then moved to this position whilst the device is still biased under the same 
conditions. This means that whilst the gain section’s forward current is held constant at 
210 mA, with the SOSBERT technique the reverse bias will be scanned from 5.35V to 6.45V 
in 0.5mV steps, inducing a repetition rate change that will scan through the cross-
correlation position, instead of moving the mechanical stage itself. This process is then 
repeated for three lengths of PDL; 1m, 2m and 5m, see Figure 3-20.  
 
                                                     
8
 Note, of course a cross-correlation position will occur at every spatial position analogous to a roundtrip 
period, in this case 5GHz gives a roundtrip period of around 200ps indicating a cross-correlation will occur at 
approximately every 60mm in free-space. Therefore on the 300mm translation stage we would expect to 
find at least five separate cross-correlation positions.  
86 
 
 
5.4 5.6 5.8 6.0 6.2 6.4
0.012
0.014
0.016
0.018
0.020
0.022 1m PDL
O
u
tp
u
t 
(V
)
Reverse Bias (V)
5.4 5.6 5.8 6.0 6.2 6.4
0.010
0.012
0.014
0.016
0.018
0.020
0.022
0.024
2m PDL
O
u
tp
u
t 
(V
)
Reverse Bias (V)
5.4 5.6 5.8 6.0 6.2 6.4
0.010
0.012
0.014
0.016
0.018
0.020 5m PDL
O
u
tp
u
t 
(V
)
Reverse Bias (V)  
Figure 3-20 – The first SOSBERT traces, whereby increase in reverse bias applied to the absorber section 
detunes the repetition rate and enables a temporal scan which scales with the length of the 1m, 2m and 
5m PDL used. 
 
As can be seen, the method has successfully scanned a full cross-correlation trace using 
only a change in reverse bias, with no mechanical or moving parts required. The only 
difference in the experimental parameters leading to each trace is the length of PDL used 
(1m, 2m and 5m respectively), and as can be seen in each case, the exact same sweep of 
the reverse bias leads to greater scan ranges. Since the 1.10V reverse bias range 
corresponds to a repetition rate tunability of 3.34MHz, theoretically we expect under 
these conditions that the 1m, 2m and 5m PDLs will give rise to scan ranges of 3.2ps, 6.4ps 
and 16ps respectively, according to expression (14). 
 
Notable, however, is the skewedness of the traces. As in the case of the TPP technique, 
this is due to the inherent decrease in average power as the reverse bias applied to the 
absorber section is increased. By subtracting a reference trace which was taken at a 
baseline position where no cross-correlation occurs while using the same reverse bias 
range and setup parameters, this effect can be removed. An example is presented using 
the SOSBERT scan acquired using the 1m PDL, see Figure 3-21. 
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Figure 3-21 – The original 1m-PDL SOSBERT trace, left , from which the red reference baseline trace is 
subtracted in order to account for the decrease in average power,  leading to the corrected trace, right. 
 
As can be observed, the baseline subtraction has not been a perfect tool in removing the 
skewed nature of the original trace, as there are minor differences in each baseline which 
occur due to the slight differences in beam alignment at the different positions of each 
scan. This has resulted in an offset reduction from the left to the right of the trace. This 
method, however, aids in the analysis of each trace, which for future experiments must 
have peak functions such as Gaussians fit to their upper envelopes, which proved difficult 
unless the baseline was subtracted.  
 
The next step in the deconvolution process is to convert the x-axis from an applied reverse 
bias value, to the corresponding change in repetition rate using expression (23) with 
reference to Figure 3-11, and finally to the temporal delay by combining this tunability Δf 
with the PDL lengths l of 1m, 2m and 5m into expression (14), see Figure 3-22. Note that in 
the case of this experiment, the ~40cm free-space component of the long arm may be 
excluded, since the free-space before fibre coupling and after fibre collimation was 
approximately equal to the free-space short arm9.  
 
 
 
                                                     
9
 Note, throughout the project, when the free space of the short and long arms does not balance, the free-
space component is explicitly included in the calculation and the discussion. 
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Figure 3-22 – Fully deconvolved SOSBERT scans acquired for 1m, 2m and 5m PDL lengths. In each case the 
same reverse bias range was applied, and then converted to a temporal scanning range. 
 
Of interest to note is the fact that although the same step-size in reverse bias voltage was 
used for each length of PDL, the scaling factor of the delay length actually increases the 
step-size of the temporal delay, which explains the apparent change in resolution 
between traces. As such, the temporal step-size during the 2m and 5m fibre PDL 
experiments will be twice and five times as large as that of the 1m fibre PDL respectively, 
see Figure 3-23 where these effects are summarised. 
 
PDL length 
(n = 1.46) 
Reverse Bias 
Step-Size 
Repetition Rate 
Tuning Step-Size 
Temporal 
Step-Size 
Scan Range for 
5.35V to 6.45V 
1m 0.5mV 1.52kHz 1.45fs 3.2ps 
2m 0.5mV 1.52kHz 2.90fs 6.4ps 
5m 0.5mV 1.52kHz 7.25fs 16.0ps 
Figure 3-23 – Tabulation of the difference in temporal step-size which arises due to the scaling of the scan 
range brought about by the increase in PDL length, despite the same reverse bias step-size. 
 
For a full comparison, the SOSBERT trace acquired using the 5m PDL is normalised and 
plotted alongside a normalised version of the original mechanical stage cross-correlation 
(Figure 3-19), overlapped, and plotted on a delay time axis, see Figure 3-24.   
89 
 
 
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
0.0
0.2
0.4
0.6
0.8
1.0
O
u
tp
u
t 
(V
)
Delay Time (ps)
 Normalised Mechanical Stage Trace
 Normalised OSBERT Trace
 
Figure 3-24 – The OSBERT trace acquired using a 5m PDL is superimposed on the original mechanical stage 
trace for comparison; both have been normalised. Whilst the mechanical stage scan has a step-size of 
~3.33fs, the OSBERT scan has approximately double the step-size of ~7.2fs. 
 
What is clear is that the skewedness of the OSBERT trace has not been entirely removed, 
as previously discussed. However, the OSBERT scan has captured the same features 
present in the mechanical stage cross-correlation. Under these circumstances, half the 
voltage step size in reverse bias would need to be used in order to meet the resolution of 
the mechanical stage. 
 
3.4.3. Tapered-Waveguide Non-linear TPA Experimental Results 
The same SOSBERT scanning method and deconvolution process may equally be applied 
to the tapered-waveguide device (or indeed, any MLLD whose repetition rate may be 
tuned via altering the biasing conditions). 
 
A standard mechanical stage cross-correlation scan is acquired under selected mode-
locking biasing conditions (760mA forward current applied to the gain section of the 
device, and 4.00V reverse-bias applied to the absorber section - the centre of the reverse 
bias range of 3.80V to 4.20V), see Figure 3-25. 
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Figure 3-25 – Mechanical stage TPA Cross-correlation taken using the tapered-waveguide device at 4.00V 
reverse bias and 760mA forward current. A Gaussian function is fit to the data in order to establish the 
central peak position (5.8mm). 
 
We then fit a Gaussian function to the data in order to mathematically determine the 
central peak position (in this case, 5.8mm). The stage is then centred on this position and 
kept stationary, resulting in a full free-space PDL of 1.79m in order to carry out a SOSBERT 
scan. Sweeping the reverse bias through the MLR from 3.80V to 4.20V produces the first 
OSBERT-based TPA trace, see Figure 3-26. 
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Figure 3-26 – A SOSBERT TPA trace taken whilst the stage was centred to 5.80mm (the centre of the cross-
correlation peak) using the full repetition rate tunability of 5MHz via 0.4V reverse bias change. 
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On first inspection, this may seem an unusual response, barely resembling the results 
achieved with the mechanical stage. However, when we consider that the Δf and l 
parameters for the tapered device result in less than a 2ps scan range (as previously found 
theoretically in Figure 3-13 and then practically in Figure 3-15 in TPP experiments), it is not 
surprising that only the upper peak of the TPA trace could be scanned. In fact, in order to 
represent the full cross-correlation we would have to take SOSBERT traces at multiple 
positions of the translation stage, see Figure 3-27.  
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Figure 3-27 – Multiple TPA SOSBERT traces taken at five different positions of the mechanical translation 
stage in order to scan various features of the cross-correlation. All were taken using the same reverse bias 
range, at 1mV step-size. 
 
Each trace was acquired using the exact same reverse bias range and under all the same 
conditions, with the only exception being that the mechanical stage was centred on a 
different part of the expected cross-correlation position in each instance. These positions 
(4.0mm, 5.4mm, 5,8mm, 6.2mm and 7.2mm) were chosen with respect to the mechanical 
stage trace (Figure 3-25) in order to scan a range of features of the cross-correlation, from 
the baseline, through the wings and the entire peak and again on the opposite side.  
 
If we now apply the deconvolution procedure used in section 3.4.2 with the narrow-ridge 
device to the tapered laser’s parameters, we may easily place each individual trace at its 
scanned position and superimpose it upon the original mechanical stage scan. Firstly the x-
axis reverse bias is converted to a repetition rate tunability Δf using expression (24) with 
reference to Figure 3-11, and converted to a temporal scan range using expression (14), 
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and then to a spatial range in order to match that of the mechanical stage scan (Figure 
3-25). The position in which each OSBERT scan was acquired is then simply added to the x-
axis data in order to superimpose the OSBERT scan with the mechanical stage position it 
was taken, see Figure 3-28.  
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Figure 3-28 – The SOSBERT traces for each position are converted from a reverse bias to a spatial position 
corresponding to the superimposed cross-correlation trace taken using the mechanical stage. 
 
We now begin to see the validity of each individual SOSBERT scan as the underlying 
features of the cross-correlation become apparent. However, as in the case of the narrow-
ridge device, we now face a similar problem regarding the skewedness of each trace; 
however in this non-linear case the trend increases due to the peak power increase with 
increasing reverse bias. In particular this is pronounced in the degree of skewedness, 
which is far sharper when the trace increases through the left hand side wing, and 
becomes shallower when decreasing through the right hand side. The solution remains 
the same, however, which is to subtract a reference point from each individual trace, in 
this case that of the baseline. Whilst this effectively straightens each OSBERT trace, it also 
re-scales it with respect to the detector output voltage, and as such both the OSBERT and 
the mechanical stage traces are normalised for greater comparison see Figure 3-29. In this 
case the individual OSBERT traces have been concatenated in order to do so effectively, 
giving one continuous data set. 
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Figure 3-29 – The final normalised deconvolved SOSBERT traces are combined (red) on the positions they 
were acquired, showing a full TPA cross-correlation trace using the OSBERT method, once again compared 
to the equivalent normalised mechanical stage scan (black).  
 
Following the same deconvolution steps, we now see several SOSBERT traces which 
combined now represent the original two-photon-absorption cross-correlation trace very 
well, at the cost of losing the exact detector output values having normalised the full 
curve along with the superimposed mechanical stage trace. We find the OSBERT cross-
correlation is in fact narrower than the mechanical stage counterpart. This is likely due to 
the fact that during an OSBERT trace, the reverse bias is increasing, leading to an increase 
in peak power and a reduction in pulse duration. As a result, since the final OSBERT trace 
is made up of five individual OSBERT traces of increasing reverse bias, each portion of the 
trace tends towards an increasingly narrowed trace10. Whilst technically the mechanical 
stage was required to reconstruct the entire cross-correlation in this particular case, if the 
PDL was longer, or indeed the cross-correlation was narrower, the scan would have been 
totally acquired under a single sweep of the reverse bias. Thus, these traces validate the 
notion of a non-linear two photon absorption trace acquired using only one MLLD, driven 
entirely non-mechanically by electrically varying the reverse bias to the saturable 
absorber, indicating great potential for future studies requiring non-linear optics. 
                                                     
10 Note, this marks the final experiment conducted using the tapered-waveguide device before its 
irreparable malfunction part way into the project. As such, the remaining chapters, unless stated otherwise, 
contain experimental results obtained using the narrow-ridge device only. 
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3.5. Testing Applications with OSBERT 
The following section describes a number of proof of principle applications which were 
tested using the above SOSBERT technique in order to determine its validity and accuracy. 
In each case, the forward current applied to the gain section of the MLLD was held 
constant throughout at 210mA, whilst the entire device temperature was kept at 20°C. 
 
3.5.1. Introduction 
An application for optical sampling techniques is time-of-flight or absolute distance 
measurements, such as LIDAR (Light Detection And Ranging) [129]. These involve using a 
pulsed laser source to direct the pulses towards a target of interest, and then gathering 
the reflections from its surface in such a manner as to calculate the time taken for the 
return trajectory, before calculating either the distance of the target or indeed the 
distance the target has moved in a set period of time. For such applications, several time-
of-flight distance measurements have been reported which are also based upon optical 
sampling techniques, and have involved the use of conventional mechanical delay lines 
[130, 131]. 
 
Of particular interest, is the work of Yang et al [62], who reported an experimental 
demonstration of remote OSCAT-based motion tracking using a highly imbalanced Mach-
Zehnder interferometer, where the distance to the target was several kilometres. Given 
the similarities between OSCAT and OSBERT, this work is highly relevant and as such will 
be discussed in greater detail in Chapter 4. The OSBERT method of the basic table-top 
proof of concept representation of LIDAR remains similar in essence.  
 
In the context of an imbalanced Mach-Zehnder interferometer, a long passive delay line 
such as an optical fibre is coiled on the optical bench and represents the distance between 
the detector and the target, see Figure 3-30. The laser pulses are directed along the 
course of the long PDL towards some target, which for the sake of this demonstration is a 
reflective mirror, such that the reflected pulses return on the original trajectory, and may 
interfere with another pulse which has traversed the significantly shorter arm. Their cross-
correlation and its resultant spatial (or temporal) displacement when the mechanical 
stage moves, gives rise to the calculation of the distance moved. 
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Figure 3-30 –Diagram of a displacement measurement setup within an imbalanced interferometer.  
 
3.5.2. Determining the displacement of a target using SOSBERT 
Taking the same approach as those OSBERT scans described in section 3.4.3 which were 
taken at multiple stage positions, we now turn our attention to the narrow-ridge device 
which has a considerably greater scan range (given the combination of repetition rate 
tunability and coiled optical fibre PDL lengths). We refer to the diagram of Figure 3-30 in 
conjunction with the actual experimental setup of Figure 3-18.  
 
A SOSBERT trace is taken under a selection of reverse bias ranges, leading to 
interferometric cross-correlations as described. The process is repeated however, when 
moving the target (in this case the fibre port mounted on the mechanical stage) to various 
positions, thus off-setting the position we would expect to find an OSBERT cross-
correlation, see Figure 3-31. We demonstrate the principle using the 5m optical fibre, and 
compare a range of reverse bias (and therefore repetition rate tunability) applied to the 
absorber section for each experiment, namely 5.60V - 6.20V, then 5.30V - 6.50V, and 
finally 4.70 - 7.10V. Using expression (23), these 0.60V, 1.20V and 2.40V reverse bias 
ranges correspond to 1.82MHz, 3.65MHz and 7.30MHz repetition rate tunability 
respectively. 
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Figure 3-31 – SOSBERT traces taken at several different stage positions using a 5m PDL. In each case, the 
reverse bias range (or repetition rate tunability) is increased. 
 
As was previously demonstrated in section 3.4.2, increasing the length of PDL whilst 
keeping the range of reverse bias constant increased the scan range. Here, the contrary 
scenario is demonstrated for proof of principle, where increasing the range of reverse bias 
applied in each experiment has increased the scan range for a constant 5m length of PDL. 
We then apply the same deconvolution process as described in section 3.4.2, whereby the 
reverse bias applied is converted to a corresponding repetition rate, and then to a scan 
range. A baseline reference is then subtracted from each successive cross-correlation 
trace, see Figure 3-32. It is prudent to reiterate that the reference-subtraction phase of 
the trace deconvolution is not entirely necessary; the central position of each peak 
remains the same in the time domain, and as in previous sections it serves only to aid in 
the mathematical fitting procedures.  
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Figure 3-32 – Having deconvolved each SOSBERT trace and converted to the scan range, the central 
position of each peak may be measured by fitting a Gaussian (purple) to the upper envelopes.  
 
We now have cross-correlations taken from the target displacements converted to a 
temporal domain. In order to determine the relative distance between each trace as 
accurately as possible, we fit the upper envelope of the traces with Gaussian functions, 
providing us with a repeatable mathematical value for the peak’s central position in each 
case. From here we may easily calculate the various displacements of the target, which, as 
can be seen, are in good agreement with the actual known displacement in each case, see 
Figure 3-33. 
 
Reverse Bias 
Range 
OSBERT  for 
0.5mm Stage 
Displacement 
 
OSBERT  for 
1.0mm Stage 
Displacement 
OSBERT  for 
3.0mm Stage 
Displacement 
OSBERT  for 
5.0mm Stage 
Displacement 
0.6V 0.50mm 1.04mm   
1.2V 0.47mm 0.99mm 3.08mm  
2.40V 0.54mm 1.07mm 3.07mm 5.01mm 
Figure 3-33 – Tabulation of the target displacement experiment, where each value measured using 
OSBERT is compared with the known displacement tracked using the mechanical stage. 
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The results encouragingly indicate that OSBERT scans can be accurate as to the targets 
displacement to within a few tens of micrometres, and this does not appear to be 
dependent upon the range of reverse bias used. The error associated with each value may 
(as in previous experiments) be attributed to the variation in output characteristics as the 
reverse bias is increased, and in the Gaussian fitting process.  
 
3.5.3. Determining the refractive index of a material using SOSBERT 
One test of OSBERT’s abilities is to consider the calculation of the refractive index of some 
material situated within the experimental setup. In this example, we use the narrow-ridge 
device to calculate (and confirm) the refractive index of the optical fibre used as the PDL. 
Similarly to the above described experiments, OSBERT traces are taken of the cross-
correlations using the method of tuning the repetition rate via tuning the reverse bias 
applied to the absorber section. In this case, the process is repeated after the position of 
the mechanical stage is arbitrarily altered, see Figure 3-34. 
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Figure 3-34 – SOSBERT traces taken at three different stage positions set a total of 2.00mm apart. In each 
case the same reverse bias range was applied, using the 5m fibre. 
 
We then apply the conversion process described in the previous section to convert from a 
reverse bias to a delay time using expression (14). In this case we have used the 5m fibre 
PDL, however have assumed no knowledge of its refractive index, and as such may 
consider that n = 1, see Figure 3-35.  
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In addition, as the beam emerges from the fibre, there is an additional 30mm of free 
space delay left in the long arm before meeting with the short arm beam at the detector, 
giving a total assumed PDL length of 5.30m 
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Figure 3-35 – Assuming the total 5.30m PDL is entirely free-space (n = 1), the conversion from reverse bias 
to delay time results in a mechanical stage displacement of 1.37mm in contrast with the actual 2.00mm 
displacement. This is because 5.00m of the PDL is optical fibre of unknown (greater) refractive index. 
 
As can be seen, assuming the entire PDL is free-space (with n = 1), the distance between 
OSBERT traces is calculated as only 1.37mm, compared with the known value of 2.00mm. 
This 31.5% discrepancy is due to the incorrect assumption of the refractive index. This can 
be calculated as follows. 
 
The optical fibre is 5.00m long, and has a refractive index nfiber. We may assume the 
additional 30cm of free-space delay has a refractive index nfree-space = 1. As such, the fibre 
section of the PDL contributes 94% of the total delay, whilst the free-space section 
contributes 6% where ∆𝑡𝑡𝑜𝑡 = ∆𝑡𝑛𝑓𝑖𝑏𝑟𝑒 + ∆𝑡𝑛𝑓𝑟𝑒𝑒−𝑠𝑝𝑎𝑐𝑒 . In terms of the measured 1.37mm 
of scanning, this relates to 1.32mm and 0.08mm respectively of the total scan. In reality, 
we know that 2.00mm was moved through between the OSBERT traces, and so applying 
the PDL percentage contributions we calculate that again 94% or 1.92mm should have 
come from the 5m fibre. We now have an expected and a measured value of the 
contribution of the scan range made by the 5m fibre alone, and for this reason may ignore 
the free-space 30cm. We now find that nfiber = 1.92/1.32 = 1.454. Comparing this value 
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with the specifications provided by the manufacturer we find good agreement, where the 
refractive index of the fibre core is given as ncore = 1.457. We may now repeat the above 
conversion process instead using the newly calculated refractive index value of 1.46, see 
Figure 3-36. 
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Figure 3-36 – Assuming now the total 5.30m PDL is 5m of n = 1.46 fibre and 0.3m of n = 1 free-space, the 
conversion from reverse bias to delay time now gives a mechanical stage displacement of 2.03mm in 
contrast with the actual 2.00mm movement. This is a significant boost in the accuracy of the movement 
compared to the previously calculated 1.37mm. 
 
As can be seen, the conversion process has now significantly increased the accuracy of the 
known displacement, where the SOSBERT traces have indeed been separated by ~2mm 
due to the movement of the mechanical stage, improving on the original calculation of 
1.37mm, when it was assumed the refractive index was that of air11. In essence, this 
simply involved rearranging the fundamental OSCAT expression (14) to find any unknown 
parameter (in this case, refractive index) when all other parameters are known; equally 
we may have repeated this process assuming, for example, the PDL length (acting as the 
distance to the target) was unknown and all other parameters were known. 
 
 
 
 
                                                     
11
 Note, any refractive index value may have been assumed for the PDL, as the same calculations would still 
give rise to the true refractive index value. 
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3.5.4. Measuring the thickness of a sample  
Another application-based proof of principle of the OSBERT method is to measure the 
thickness or the refractive index of a sample, where one of these parameters is unknown; 
the OSREFM technique was used to accomplish this by delaying a terahertz signal through 
silicon windows of various thicknesses [72]. The typical OSBERT setup is simplified in order 
to illustrate how the thickness (or refractive index) of a sample inserted in one of the arms 
gives rise to an optical path difference between both arms, see Figure 3-37. 
 
 
Figure 3-37 – Diagram showing all optical path components of both the short and long arms, with and 
without a sample present in the long arm’s free-space component, based on the experimental setup 
described in Figure 3-18. 
 
If a mechanical stage cross-correlation is taken when a sample is not present and again 
when it is, its trace will have shifted due to the change in refractive index of the sample 
causing an additional delay. The results may then be repeated whilst the stage is held 
stationary and an OSBERT trace is acquired with and without a sample present.  
 
Consider D1 is the optical path length of arms 1 and 2 combined without a sample, 
consisting of the free-space beam in the short arm of relative optical path 𝑛1𝐿2, and in the 
long arm the fibre-coupled component 𝑛3𝐿4 plus the free-space component after beam 
collimation 𝑛1𝐿1, such that 
 
 𝐷1 = 𝑛1𝐿1 + 𝑛1𝐿2 + 𝑛3𝐿4 (25) 
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Where 𝑛1 = 1.0 is the refractive index of air and 𝑛3 = 1.46 is the refractive index of the 
5m-long optical fibre. D2 is therefore the optical path length of arms 1 and 2 when a 
sample whose own optical path is 𝑛2𝐿3 is present. In this case the sample’s own length 
replaces a portion of the free-space path in the long arm, such that 
 
 𝐷2 = 𝑛1𝐿2 + 𝑛1(𝐿1 − 𝐿3) + 𝑛2𝐿3 + 𝑛3𝐿4 (26) 
 
Where 𝐿3 is the thickness of the sample and 𝑛2 is its refractive index. The optical path 
difference (OPD) is therefore the difference in optical path lengths, where 
 
 𝑂𝑃𝐷 = 𝐷2 − 𝐷1 = 𝑛2𝐿3 − 𝑛1𝐿3 (27) 
 
Throughout this experiment, known lengths are 𝐿1 = 30𝑐𝑚, 𝐿2 = 30𝑐𝑚, and 𝐿4 = 5𝑚. In 
this case the sample is a neutral density (ND) wheel of unknown thickness 𝐿3 composed of 
fused silica (Thorlabs NDC-100C-4 Unmounted Continously Variable ND filter), which was 
rotated to the minimum (near-zero) attenuation position and placed in the path of the 
long arm. We ascertain that the fused silica has a refractive index of around 1.45 [132] for 
the 1260nm wavelength of the narrow-ridge MLLD, and so we may therefore measure its 
thickness. A mechanical stage cross-correlation was taken for comparison with the 
OSBERT scan, where the reverse bias was constant at 6.0V throughout, see Figure 3-38. 
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Figure 3-38 – Mechanical stage cross-correlations each acquired with a reverse bias was of 6.0V. The 
presence of the ND sample leads to an OPD causing the cross-correlation position to change. 
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Measuring directly we find the OPD induced by the presence of the fused silica ND sample 
is 0.913mm, which we may substitute into expression (27) to find the length (thickness) 𝐿3 
of the sample is 2.03mm, in good agreement with the known thickness of 2.00mm given 
by the vendor. Sources of error giving rise to inaccuracies within a few tens of microns lie 
within the absolute thickness of the sample which is likely to have surface imperfections, 
with the Gaussian peak-fitting procedure being imperfect leading to an error in the central 
value, and with the dynamic acquisition of the traces, which occurred over several 
minutes each, during which time fluctuations in pulse timing, temperature, and bias 
controls may vary. 
 
The scan was then repeated using the SOSBERT method, where in both instances the 
mechanical stage within the setup remained stationary, allowing the scan to be acquired 
by reverse bias variation only, converting in the usual manner to a temporal delay via the 
OSCAT equation (14) and converting the applied reverse bias to a change in repetition rate 
using equation (23), see Figure 3-39. In this case the fibre length of the long arm was 5m, 
and the reverse bias applied corresponded to a repetition rate tunability of 3.33MHz. 
 
In this case, the OPD induced by the presence of the fused silica sample in the long arm of 
the OSBERT setup was found to be 0.908mm, giving rise to a sample thickness of 2.02mm, 
in good agreement with both the supplier’s specifications of 2.00mm, and with the 
2.03mm result measured by the mechanical stage method above.  
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Figure 3-39 – SOSBERT scans analogous to Figure 3-38 where the mechanical stage is held stationary 
throughout, and instead the reverse bias is swept for a respective 3.33MHz repetition rate tunability, and 
for a PDL fibre length of 5m. Left, raw data traces acquired by varying the reverse bias applied, and right, 
those traces converted to a delay time. 
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As with the mechanical stage scan, sources of error leading to the similar few tens of 
microns inaccuracy include fluctuations in the lasers output over the several minutes 
acquisition time. Whilst the position of the stage during the OSBERT scan remains 
constant (unlike in the mechanical stage scan method, where beam alignment and 
divergence may lead to errors), the OSBERT traces are composed of a fairly wide variation 
in output characteristics due to the changes in reverse bias, and may lead to errors in the 
calculation, as well as the fitting of the Gaussians in order to determine the central peak 
value. It should be noted that either the refractive index or the sample thickness could 
have been calculated, depending on which factor was considered unknown. 
 
3.6. Conclusions 
This chapter has proven the underlying principles of the OSBERT technique, firstly in 
temporal pulse positioning, which demonstrates the scan range available to each MLLD is 
dependent upon its repetition rate tunability and the PDL length used in the long arm; 
that is to say, all that is required to produce a temporal delay under these conditions is a 
change in reverse bias applied to the saturable absorber section of the MLLD. 
 
Next, the active scanning capabilities of the method were demonstrated, showing that the 
same calculated temporal scan range found from temporal pulse positioning may now be 
found whilst actively scanning using the SOSBERT technique. It was proven that no moving 
or mechanical parts were required in order to carry out these cross-correlation scans; 
simply linearly varying the reverse bias applied to the absorber section tuned the 
repetition rate without a need for an intra-cavity stepper motor, and without a translation 
stage to drive the scan. As such, temporal scanning was achieved using only one laser - a 
two-section quantum dot passively mode-locked laser diode. Thus OSBERT may have the 
potential to compete with two-laser techniques such as ASOPS and ECOPS, with absolutely 
no moving parts necessary to conduct the scan. To the best of my knowledge, this is the 
first time such a technique has been demonstrated.  
 
Both linear (single photon absorption) and non-linear (two photon absorption) techniques 
gave rise to proof of principle demonstrations, including target displacement 
measurements and calculations of the thickness (or refractive index) of a material, which 
were carried out successfully and accurately using the SOSBERT technique and compared 
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with a conventional mechanical translation stage optical sampling technique. Specifically, 
both the target displacement and the thickness of the sample were accurately measured 
to within a few tens of microns, showing accuracies very similar to the conventional 
mechanical stage method. Scans were acquired with femtosecond level step-size, across 
various scan ranges up to 40 picoseconds when using a 5m PDL and the full 10MHz 
repetition rate tunability of the narrow-ridge device. 
 
It is important to note that given expression (14) any unknown parameter may actually be 
measured using the OSBERT method, provided the others are known. For example, it is 
possible to instead rearrange the above experiment and calculate the length of passive 
delay line used, and as such a distance measurement may be set up which measures the 
distance from the laser to some target given a known target displacement. 
 
Although the entire underlying principle of OSBERT is now proven (single-laser optical 
sampling with absolutely no moving parts), the scan itself does occur very slowly – a 
standard cross-correlation such as those described can take several minutes to acquire, 
and therefore in terms of scan rate is only on par with the mechanical stage scans used for 
comparison. Therefore, in the next chapter we turn our attention to the ability to not only 
scan continuously, but also several orders of magnitude faster.  
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4. Fast-OSBERT: Theory, Development and Analysis 
This chapter discusses the final improvement in the OSBERT technique, which in addition to 
optical sampling with just one inexpensive and compact laser (a two-section quantum dot 
passively MLLD) without any mechanical or moving parts, is to scan repetitively at fast 
scan rates in order to compete with the state of the art on all levels. Additional theory 
surrounding the drawbacks associated with longer passive delay line lengths and increased 
scan rates are also discussed. Ultimately, cross-correlations are acquired without issue up 
to scan rates of tens of kilohertz, with promising indicative results up to megahertz scan 
rates. The proof of principle for so-called Fast-OSBERT is demonstrated as a target 
displacement measurement device, and is accurately presented at scan rates of 10kHz. 
 
4.1. OSCAT and Displacement Measurement 
Mode-locked lasers within a Michelson interferometer configuration present a method of 
measuring long distances as well as target displacements over long distances. Cui et al 
[131] performed distance measurements in air using a femtosecond frequency comb laser 
up to free-space distances of 50m by measuring cross-correlations in an imbalanced 
Michelson interferometer, where the delay was tunable via a mechanical translation 
stage. Absolute Distance Measurements (ADMs) have also been realised using the ASOPS 
technique, though as is inherent to ASOPS, two pulsed laser sources were required to 
perform such measurements, inflating the costs and increasing the complexity [41, 133, 
134]. 
 
Owed to the requirement of a long passive delay line (PDLs), the OSCAT method described 
in the previous chapters lends itself particularly well to displacement measurement 
techniques over long distances, since the large in-built imbalance in the interferometer 
arms serves as the distance between a target and a detector. Wu et al successfully 
demonstrated long distance measurements at 47m [135] and 60m [136] based on the 
OSCAT technique. 
 
Similarly, Yang et al [62] recently used OSCAT to demonstrate LIDAR (Light Detection And 
Ranging), using a repetition-rate tunable femtosecond fibre laser in conjunction with a 
PDL equivalent to over 2km. Their study was sufficiently sensitive to detect target 
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vibrations as little as 15µm at a scan rate of 50Hz. Inherent to the OSCAT technique, the 
scans were acquired by mechanically tuning the repetition rate of the laser, which was 
also the major limitation of their scan rate. As stipulated in the following sections, it is the 
work of Yang et al which forms some of the theoretical basis of this chapter and the 
development of FOSBERT. 
 
4.2. Dynamic OSCAT model 
In order to drive the OSBERT scan faster than the step-by-step version demonstrated by S-
OSBERT in chapter 3, we must fundamentally be able to modulate the repetition rate from 
a minimum to a maximum value, which in the case of MLLDs means fast modulation of the 
amplitude of reverse bias applied to the saturable absorber section. F-OSBERT (Fast-
OSBERT) differs from Slow-OSBERT by only one key factor; whereas in SOSBERT the 
repetition rate was tuned gradually and linearly in a time frame equivalent to that of the 
standard mechanical stage it successfully replaced, a FOSBERT scan requires fast 
modulation of the repetition rate via a signal generator (which replaces the static power 
supply), typically by a sinusoidal function at a rate of multiple scans per second. Faster 
acquisition methods such as an oscilloscope are also therefore required, rather than the 
multi-meter used previously. 
 
This conceptual difference requires that the fundamental OSCAT equation [59] used 
throughout chapter 3 has a repetition rate which may be continuously modulated over 
real time. The static (or unmodulated) equation for scan range 𝛥𝑡𝑢𝑛𝑚𝑜𝑑  remains as 
follows: 
 
 
𝛥𝑡𝑢𝑛𝑚𝑜𝑑 = 𝑎 (
1
𝑓𝑟𝑒𝑝
−
1
𝑓𝑟𝑒𝑝 + 𝛥𝑓
) =
𝑙𝑛𝑓𝑟𝑒𝑝
𝑐
(
1
𝑓𝑟𝑒𝑝
−
1
𝑓𝑟𝑒𝑝 + 𝛥𝑓
) 
(28) 
 
Where as in previous chapters the pulse index a is the difference in the number of pulses 
which propagate a passive delay line (PDL) of length l, n is the refractive index of the PDL, 
c is the speed of light in a vacuum, 𝑓𝑟𝑒𝑝 is the repetition rate and 𝛥𝑓 is the repetition rate 
tunability. In contrast, the modulated case is described with an additional sinusoidal 
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component12, the full derivation of which may be found in [62] and is simply restated 
here. This gives rise to the dynamically modulated scan range 𝛥𝑇𝑚(𝑡) as a function of real 
time t, such that 
 
𝛥𝑇𝑚(𝑡) ≈ 𝛿𝑇0 +
𝛥𝑓𝛥𝑇0
𝑓𝑟𝑒𝑝
𝑠𝑖𝑛 [2𝜋𝑓𝑚 (𝑡 +
𝛥𝑇0
2
)] 
(29) 
   
Where 𝛥𝑇0 = 𝑙 ∙ 𝑛/𝑐 is the equivalent temporal delay of the PDL of length l and refractive 
index n and c is the speed of light. 𝑓𝑚 is the modulation frequency of the sine wave (also 
therefore equivalent to the scan rate) and as always 𝑓𝑟𝑒𝑝 and 𝛥𝑓 are the repetition rate 
and repetition rate tunability respectively. 𝛿𝑇0 is a small offset delay resulting from the 
difference between the exact PDL temporal delay 𝛥𝑇0 and the number designated as the 
pulse index; the integer number of pulses which may in reality propagate the delay line. 
The factor was simply used in [62] in order to give an extra degree of freedom in where 
their scan range was centralised or offset, and so was not used in this project. 
 
A few key differences in the modulated case must be taken into account. Whilst in both 
the static and modulated cases an increase in repetition rate tunability will increase the 
scan range, in the modulated case only the scan range will not increase indefinitely with 
increasing PDL length represented by 𝛥𝑇0. According to expression (29) when the 
imbalance becomes so large that the condition is not met where the product 𝑓𝑚𝛥𝑇0 ≪ 1  
the scan range will peak when 𝛥𝑇0 = 1/2𝑓𝑚 and disappear when 𝛥𝑇0 = 1/𝑓𝑚, which is to 
say that scan rates whose period is proportional to the delay brought on by the PDL will 
lead to a reduction in the scan range. The dependence of the scan range on the 
modulation frequency and the imbalance of the interferometer is calculated to form a 
contour plot, see Figure 4-1, which was built for comparison with that presented by Yang 
et al. This simulation is constructed assuming the characteristics of the narrow ridge 
device; ∆𝑓 = 10𝑀𝐻𝑧, 𝑓𝑟𝑒𝑝 = 5.07𝐺𝐻𝑧, and all PDL lengths assume an optical fibre of 
refractive index 𝑛 = 1.46. As can be seen, in practice there is a trade-off between the scan 
rate and the scan range when the interferometer imbalance is sufficiently large. Given the 
longest PDL length available in the lab is just 25m, the effect of ‘negative scanning’ or scan 
                                                     
12
 Note that although a sine function is used to sweep the minimum to maximum repetition rate, saw-tooth 
or triangular functions were also successfully tested. The signal generator available offered faster scan rates 
using the sine function, whilst minimising the frequency components supplied to the MLLD. 
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range reduction is avoidable up to around 1MHz scan rate. We may examine this closer by 
extracting profile slices of each decade of scan rate from the contour plot, see Figure 4-2. 
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Figure 4-1 - Contour plot showing the consequences on scan range of increasing the modulation frequency 
for increasing PDL lengths assuming the characteristics of the narrow-ridge device, based on expression 
(29). A linear plot version is included in the Appendix, section 7.3.1, Figure 7-1. 
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Figure 4-2 – Profile Slices from Figure 4-1 showing ‘negative’ scanning which occurs for particularly fast 
modulation frequencies (or scan rates) even at short PDL lengths. Note that this issue does not occur for 
scan rates of 10Hz to 1kHz, and are hidden behind the 10kHz trace which is also unaffected. 
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In agreement with both expression (29) and the contour plot, we can clearly see that the 
scan range will not be affected even up to 200m PDL length for scan rates of up to 10kHz, 
such that a slight dip in scan range is found at 100kHz scan rate. 1MHz scan rates however 
begin to degrade after around 30m PDL, and 10MHz scans periodically scan positively and 
negatively, making this an unsuitable scan rate beyond a few metres of delay line. 
 
Finally, it is important to check that the modulated case of expression (29) is equivalent to 
the unmodulated case of expression (28). Beginning with expression (28), we may 
rearrange to find 
 
 
𝛥𝑡𝑢𝑛𝑚𝑜𝑑 = 𝑎 (
𝛥𝑓
𝑓𝑟𝑒𝑝(𝑓𝑟𝑒𝑝 + 𝛥𝑓)
) 
(30) 
 
In this sense 𝑓𝑟𝑒𝑝 may be considered the minimum repetition rate and the quantity 
(𝑓𝑟𝑒𝑝 + 𝛥𝑓) may be considered the maximum. If we then make the special case that 𝛥𝑓 is 
significantly smaller than 𝑓𝑟𝑒𝑝 (in particular that 10MHz << 5GHz), we find that the 
expression approximates to 
 
 
𝛥𝑡𝑢𝑛𝑚𝑜𝑑 ≈ 𝑎 (
𝛥𝑓
𝑓rep2
) 
(31) 
 
Returning to the fast modulation case, we recall (29), where we consider that the 
maximum scan range (𝛥𝑇𝑚)𝑚𝑎𝑥 will occur when the sinusoidal component gives rise to a 
value of +1/2 (where the repetition rate has been tuned by +
𝛥𝑓
2
) giving 𝛿𝑇0 +
1
2
𝛥𝑓𝛥𝑇0
𝑓𝑟𝑒𝑝
 and 
that the minimum scan range (𝛥𝑇𝑚)𝑚𝑖𝑛 will occur when the sinusoidal component has a 
value of -1/2 (where the repetition rate has been tuned by −
𝛥𝑓
2
), giving 𝛿𝑇0 −
1
2
𝛥𝑓𝛥𝑇0
𝑓𝑟𝑒𝑝
 . 
Therefore, the scan range may be given by 
 
 
𝛥𝑇𝑚 ≈ (𝛥𝑇𝑚)𝑚𝑎𝑥 − (𝛥𝑇𝑚)𝑚𝑖𝑛 ≈
𝛥𝑓𝛥𝑇0
𝑓𝑟𝑒𝑝
 
(32) 
 
We may then consider the equivalency that 𝛥𝑇0 = 𝑎/𝑓𝑟𝑒𝑝 and so we have 
 
111 
 
 
 
𝛥𝑇𝑚 ≈ 𝑎 (
𝛥𝑓
𝑓𝑟𝑒𝑝2
) ≈ 𝛥𝑡𝑢𝑛𝑚𝑜𝑑  
(33) 
 
Finally, moving away from the OSCAT definitions, we can extend this case to the OSBERT 
regime where the controllability factor 𝛥𝑓/𝑓𝑟𝑒𝑝 or β-ratio is replaced into the expression 
 
 
𝛥𝑇𝑚 ≈ 𝑎 (
𝛽
𝑓𝑅𝑂
) ≈ 𝛥𝑡𝑢𝑛𝑚𝑜𝑑  
(34) 
 
Therefore as demonstrated, both the modulated and unmodulated cases of OSBERT (or 
OSCAT) have the same theoretical background.  
 
As this regime will be applied in an OSBERT fashion (to the narrow-ridge 2-section 
quantum dot mode-locked laser diode described in chapter 3), we recall that the 
repetition rate tunability will once again be driven by an electrical modulation of the 
saturable absorber section, and as such the concept of the modulated case of OSBERT is 
illustrated in Figure 4-3. 
 
 
Figure 4-3 – A representation of how the sinusoidal modulation of the reverse bias applied to the 
saturable absorber of an MLLD relates to a real time scan. 
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Noteworthy is the fact that scanning will occur between alternating sets of minimum and 
maximum reverse biases, which accounts for the half period of the modulation frequency. 
Therefore essentially two scans will occur in one period of modulation, and it could be said 
that, for example, a 100Hz scan is actually occurring at 200Hz. However, for clarity, a 
100Hz modulation frequency shall always be discussed as an equivalent 100Hz scan rate 
for the purposes of this project; i.e. the scan rate is the modulation frequency.  
 
4.3. F-OSBERT Experimental Setup & Considerations 
The experimental setup of FOSBERT is similar to that of SOSBERT, except for the key 
features described, whereby the power supply used for biasing the saturable absorber is 
replaced with a signal generator (Keysight Technologies 33612A Waveform Generator, 
80MHz). Secondly, the static multi-meter (which reads the output of the detector) is 
replaced with an oscilloscope (Teledyne Lecroy HDO4104, 1GHz bandwidth), see Figure 
4-4. The InGaAs detector (Thorlabs 5GHz DET08CL/M) remains the same as in the SOSBERT 
cases associated with the narrow-ridge device in chapter 3, along with all other 
components.  
 
 
Figure 4-4 – New experimental setup required to drive the OSBERT technique at several scans per second; 
with respect so SOSBERT, in FOSBERT the power supply has been replaced with a signal generator and the 
multimeter has been replaced with an oscilloscope. 
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Another consideration we must make when biasing the absorber section via the signal 
generator as opposed to the DC power supply is the fact that the signal generator displays 
the voltage assuming it is being terminated into a 50Ω Load. In this sense, the resistance 
of the narrow-ridge device itself plays a role in the biasing conditions. Consider the 
following formula 
 
𝑉𝑒𝑥𝑝 = 𝑉𝑠𝑒𝑡 (
𝑅𝑙𝑜𝑎𝑑
𝑅𝑠𝑖𝑔.  𝑔𝑒𝑛. + 𝑅𝑙𝑜𝑎𝑑
) 
(35) 
 
Where the voltage experienced 𝑉𝑒𝑥𝑝 by the device varies from the voltage set at the signal 
generator 𝑉𝑠𝑒𝑡 depending on the difference between the load of the device 𝑅𝐿𝑜𝑎𝑑 and the 
50Ω output of the signal generator. In order to determine the difference, we calculate the 
resistance of the narrow-ridge device across the MLR by reading the photocurrent 
generated and using Ohm’s Law to determine the resistance at each discrete reverse bias 
value, see Figure 4-5. For these measurements, the forward current supplied to the gain 
section of the MLLD was held constant throughout at 210mA, whilst the entire device 
temperature was held constant at 20°C. 
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Figure 4-5 – The photocurrent generated by the saturable absorber section of the narrow-ridge device is 
measured for each value of reverse bias applied. Ohm’s Law then gives the resistance of the saturable 
absorber across the MLR. 
 
Note that the coarse step-wise increase of the readable photocurrent is an artefact of the 
minimum detectable current on the power supply, which was 1mA. In the case of the 
extremely low resistance power supply used for SOSBERT in Chapter 3, the change in 
voltage supplied versus voltage experienced was insignificant according to expression (35). 
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However, in the case of using the signal generator as the voltage supply to the absorber 
section, the 50Ω impedance channel was used, meaning that the MLR of 4.60V to 7.80V 
would not be applied using these settings. A calibration curve was thus created in order to 
determine the correct voltage to set on the signal generator to ensure the experienced 
voltage would be that of the MLR, see Figure 4-6. This was done by plotting the set voltage 
against the experienced voltage which was a function of the resistance under that 
particular reverse bias. 
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Figure 4-6 – Calibration curve with a linear mathematical fit which determines which voltage will be 
experienced by the absorber section depending on the voltage set at the signal generator. 
 
As can be seen, a linear fit to the calibration curve results in the relationship 
 
 𝑉𝑒𝑥𝑝 = 0.93057 ∗ 𝑉𝑠𝑒𝑡 − 0.42187 [𝑉] (36) 
 
Where the result is in volts. And so, setting the full MLR of 4.60V to 7.80V in the case of 
FOSBERT would result in an experienced voltage of between3.86V and 6.84V, which 
means the system would be attempting to scan without an established repetition rate, 
using a non-MLR bias, and would not reach its full potential of 7.80V at the upper limit. 
Using the same expression we determine that in order to experience the full MLR bias 
range, we must instead set the signal generator to sweep from anywhere within the range 
of 5.397V and 8.835V.  
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In terms of a sinusoidal function driving the reverse bias applied to the absorber section, 
signal generators typically operate under the principal of selecting a central offset voltage 
Voff and a voltage amplitude from peak to peak of the sinusoid Vpp, see Figure 4-7. 
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Figure 4-7 – Example of a 10 Hz sinusoidal function driven by the signal generator and applied to the 
absorber section of the device. Voff represents the central voltage required within the MLR and Vpp 
represents the amplitude (or range) of voltage needed for repetition rate tuning. 
 
Throughout the investigation, several combinations of modulation frequencies (scan 
rates), and voltage offsets and amplitudes within the MLR were used. In particular, in 
order to demonstrate the full potential of the repetition rate tunability within the MLR, 
this translates from the SOSBERT range of 4.60V to 7.80V, to the FOSBERT driving 
parameters Voff = -7.10V and Vpp = 3.40V using expression (36).  
 
It should be noted as in previous cases that the full tuning range is not a requirement of 
running the FOSBERT system; any subset of offsets and amplitudes may be applied, 
provided electronically they fall within the MLR. As such, using smaller sub-sets of the 
tunability means fewer corresponding changes to the output characteristics such as 
power, wavelength or pulse duration; critically, smaller values of reverse bias ranges will 
scan using increased average powers, whereas greater values of reverse bias ranges will 
scan using shorter pulse durations. Depending on the application, the range and 
consequent changes to output characteristics may be minimised as necessary, at the cost 
of reducing the scan range. As discussed, however, the scan range may be increased 
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without interfering with the output characteristics of the device by simply increasing the 
PDL. As such, the scan range is highly customisable depending on the overall tunability of 
the device, or the PDLs which are available or practically implementable. 
 
4.4. First repetitive FOSBERT scans using three PDL lengths 
In order to demonstrate the principle of FOSBERT, the following experimental conditions 
are implemented to measure the distance travelled by a target, as with that of SOSBERT in 
Chapter 3. 
 
4.4.1. Investigating 10Hz Scans 
Firstly, the input signal from the signal generator is set as such to provide the full reverse 
bias tuning range to the absorber section of the device, Voff = -7.10 V and Vpp = 3.40 V, 
corresponding to approximately 9.6MHz repetition rate tunability.  
 
For a first proof of concept, the frequency of the sinusoidal signal was then set to 10Hz in 
order to demonstrate continuous scanning. As with the SOSBERT method, the mechanical 
stage was then moved into a position which would result in a cross-correlation at the 
detector. When the signal generator is activated, the trace is acquired at the Oscilloscope 
and saved for each stage position. The procedure is repeated in all aspects across three 
fibre PDL lengths (1m, 2m and 5m), see Figure 4-8, where only the full distance moved by 
the stage is increased respectively in order to demonstrate the increased temporal 
scanning range brought on by increasing the PDL length, whilst the repetition rate 
tunability remains constant. 
 
Of interest is the expected sinusoidal output response in FOSBERT traces which is 
synchronised with the sinusoid input from the signal generator. In this case only one 
period has been acquired in order to showcase the detail within the scans, however as 
with any repetitive system, any number of periods may be acquired at the expense of 
resolution. 
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Figure 4-8 – 10 Hz FOSBERT scans are acquired for three fibre PDL lengths, in each case using the exact 
same input sinusoidal voltage range supplied by the signal generator
13
.  
                                                     
13
 Note, throughout the project, differences in the amplitudes of OSBERT scans between PDL lengths result 
only from any variation in the efficiency of the optical fibre coupling, which was not normalised. Each fibre 
length was otherwise identical in composition. 
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Unlike the SOSBERT method which scans once from a minimum to a maximum reverse 
bias value, as previously discussed, these repetitive FOSBERT scans actually acquire two 
scans per period; that is to say a ‘downward’ scan as the response falls from peak to 
trough, and a repeated ‘upward’ scan from the same trough to the following peak and so 
forth.  
 
As can be seen, the input signal which drives the full range reverse bias to the absorber 
remains the same in each experiment, as does the driving frequency. Despite this, the 
increase in PDL length is enough to allow the stage to move a greater distance and acquire 
greater scan ranges. For fibre lengths of 1m, 2m and 5m, scan ranges of at least 2mm, 
4mm and 10mm were achieved respectively, also proving that the scan range increases 
linearly with increasing PDL lengths as expected from the outlined theory. 
 
4.4.2. Deconvolution Process 
The deconvolution process to convert the raw FOSBERT scans from real time to delay time 
is similar to that discussed in Chapter 3 regarding SOSBERT scans, the main difference 
being that SOSBERT scans were instead were converted directly from reverse bias applied 
to delay time.  
 
Firstly, the scan from one half of a modulation period is selected, which is to say one full 
FOSBERT scan either between a trough and a peak or between a peak and a trough is 
selected. This raw data is essentially cut from anywhere within the trace for processing, 
however most commonly those traces associated with the 0-second time-base value of 
the oscilloscope are taken throughout the project; that is to say, the oscilloscope was 
triggered such that the mid-point between crest and trough of the sine waves of the input 
signal and the resultant OSBERT signals were centred on 0 seconds on the time-base of 
the oscilloscope.  
 
Referring now to expression (29) from the previous section, we may replace the constant 
variables as discussed; the fundamental repetition rate, 𝑓𝑟𝑒𝑝 =  5.07𝐺𝐻𝑧, the repetition 
rate tunability according to the reverse bias conversion is 𝛥𝑓 = 9.6𝑀𝐻𝑧, and the 
modulation frequency is 𝑓𝑚 = 10𝐻𝑧. The 1m, 2m and 5m optical fibre PDL lengths were 
acquired with additional minor free-space imbalances of 22cm, 11cm and 5cm 
119 
 
 
respectively, giving rise to total passive delay periods of 𝛥𝑇0 ≈ 5.6ns,
10.1ns and 24.5ns respectively. Additionally, due to two scans occurring per period of 
modulation, we halve the resultant temporal scan range (that is simply to say, one 
FOSBERT scan range is acquired per half modulation period). The real-time values may 
now easily be converted to delay time values, and subsequently converted to spatial 
values in millimetres in order to more readily compare the motion of the target, see Figure 
4-9.  
 
The scans are now converted from real-time to spatial scanning ranges based upon the 
length of PDL used for each experiment. Although the sinusoidal carrier response has now 
clearly been removed from the traces, the inherent average output power drop is still 
evident in the new baseline, consistent with the SOSBERT traces in Chapter 3, and the 
measured average power in Chapter 2. 
 
It is interesting to note that the FOSBERT traces at this stage are comparable to those 
Temporal Pulse Positioning (TPP) scans acquired Chapter 3, section 3.3.3, particularly with 
reference to Figure 3-17. Whereas the FOSBERT scans shown in Figure 4-9 are gathered by 
holding the stage position constant and varying the reverse bias, the TPP scans from 
Chapter 3 were acquired with a reverse bias held constant whilst the mechanical stage 
was allowed to move.  
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Figure 4-9 – The raw real-time data has been converted firstly to a temporal scanning range and then 
subsequently to spatial positions in millimetres. A reference (ref) scan is superimposed from a trace where 
no cross-correlation was present. 
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As with the SOSBERT scans, the final step in the deconvolution is to subtract from each 
trace a ‘baseline reference’ scan (one which did not include a cross-correlation within the 
trace), see Figure 4-10. 
 
 
 
Figure 4-10 – The Baseline reference scan is now subtracted from the traces in order to remove their 
skewedness, resulting in a linear baseline and corresponding traces. 
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As can be seen, the baseline between individually positioned scans is now linear and 
normalised at the cost of losing the exact output values from the detector, which are now 
arbitrary units (Arb. U.). However, each trace now clearly resembles the analogous 
standard mechanical cross-correlation traces acquired under individual reverse biases 
discussed in Chapter 3. As with the SOSBERT deconvolution process, a Gaussian may be fit 
to the upper envelope of each FOSBERT trace in order to consistently mathematically 
determine the central peak position. In particular, for the 1m, 2m and 5m PDL lengths a 
total target displacement of 2.0mm, 4.0mm and 10.0mm was known, compared with the 
measured displacement of 2.1mm, 4.2mm and 11.0mm14.  
 
With the procedure outlined, these same deconvolution steps may now be applied to 
future scans, provided the correct input voltage ranges are converted to the appropriate 
repetition rate tunability. Importantly, for the first time, the concept of continuous 
scanning has been demonstrated. 
 
4.5. Maximising the Scan Range 
As well as the ability to maximise the scan rate, we shall also consider the options for 
maximising the scan range. Up until now we have only discussed three passive delay line 
lengths (1m, 2m and 5m), which combined with the narrow-ridge device’s repetition rate 
tunability of 10MHz have given rise to maximum scanning ranges of 9.6ps, 19.2ps and 
47.9ps respectively. We now consider the scan range typically available via the ASOPS 
technique, which by design is automatically the full roundtrip period of the laser’s 
repetition rate (e.g. two ~100MHz repetition-rate lasers using the ASOPS system may walk 
through a maximum scan range of 10 nanoseconds before the scan repeats again).  
 
We investigate the length of passive delay line which must be implemented in order to 
maximise the scan range to incorporate the full roundtrip period given the characteristics 
of the narrow-ridge device. Since the fundamental repetition rate is 5.07GHz, the 
roundtrip period may be calculated as its inverse, which is just under 200 picoseconds (or 
                                                     
14 The discrepancy in these results came to light towards the end of the project when a high speed RF 
analyser was borrowed, and is discussed further in Section 4.6.2, rather than during this proof of principle 
whose purpose was to demonstrate repetitive scanning (compared to SOSBERT) and show an analogous 
experiment to Temporal Pulse Positioning.  
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0.2 nanoseconds). In order to scan this range, we substitute it into expression (14) to find 
a PDL length requirement of 20.6 metres (assuming a refractive index of 1.46 and a 
repetition rate tunability of 10MHz). Considering this will scan the roundtrip period and no 
more, we opt for a 25 metre optical fibre of the exact same design as the others used as a 
PDL, in order to ensure two full cross-correlations may be present in one scan. As such the 
expected scan range is now calculated as 239.5 picoseconds, or 71.9 millimetres, slightly 
exceeding the maximum useful scan range purely for the purposes of this demonstration. 
In order to see the full roundtrip period (and thus, two cross correlations) within just one 
scan, we must consider the position of the target. We centre the stage approximately half 
way between two expected cross-correlation positions, and displace it to three different 
positions such that the measurement may be made multiple times for proof of concept, 
see Figure 4-11.  
 
 
Figure 4-11 – The approach taken which will ensure two cross-correlations will be present in one FOSBERT 
scan given a 25m long PDL. Repeating the scan as the stage moves through three positions allows for 
several measurements. V0 and Vf denote the minimum and maximum reverse bias values for the selected 
10MHz repetition rate tunability. 
 
Implementing this technique using the maximum scan range settings gives the first 
FOSBERT scans which clearly demonstrate the entire roundtrip period, where two cross-
correlation traces are present in one scan, see Figure 4-12. 
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Figure 4-12 – Left, the real time trace at 100 Hz showing three stage positions, each providing two cross-
correlations. Left, the trace converted to a scan range according to expression (29), giving a ~60mm spatial 
difference between pulse positions, equating to the expected ~ 5GHz repetition rate. 
 
Applying the described deconvolution process measures the ~200ps or ~60mm roundtrip 
period between the two cross-correlation positions, giving a measured ~5GHz Repetition 
rate. As expected, the cross correlations exhibit a large difference in amplitude due to the 
range in reverse bias applied across the scanning range.  
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4.6. Increasing the Scan Rate 
The first examples of repetitive scans were kept at relatively low scan rates of 10Hz (and 
100Hz, above) in order to gather a reference as to how these scans will alter as the 
modulation frequency is increased. This section discusses the bandwidth of the 
experimental components and their impact on the quality of the FOSBERT scans as the 
scan rate is increased. 
 
4.6.1. Experimental Results 
Given that we are currently only interested in the effects of increasing the scan rate of the 
FOSBERT system, we do so using a simplified subset of experimental parameters. These 
include demonstrating the effects using only the 5m PDL, and using Voff = -6.80V and Vpp = 
1.20V, equivalent to ~3.4 MHz repetition rate tunability as opposed to the full 10 MHz 
which is available. The stage position is also held stationary, and as such only single 
FOSBERT cross-correlation scans are acquired for each decade increment in frequency 
modulation. As in the previous sections, the forward current supplied to the gain section 
of the MLLD was held constant throughout at 210 mA, whilst the entire device 
temperature was held constant at 20°C. This is to say each trace is identical in all 
parameters other than the scan rate. 
 
We firstly acquire a 10Hz scan where two periods of scanning are acquired on the time-
base of the oscilloscope in the first instance, as well as a zoomed-in trace in order to see 
the detail of the cross-correlation, see Figure 4-13. 
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Figure 4-13 – 10Hz FOSBERT scans are shown within a two-period time-base, above, and an accompanying 
zoomed trace, below. 
 
The process was repeated under the exact same parameters, with the modulation 
frequency now increased to 100Hz, see Figure 4-14. 
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Figure 4-14 –100Hz FOSBERT scans are shown within a two-period time-base, above, and an 
accompanying zoomed trace, below. 
 
As can be seen, there is little to distinguish the traces which are separated by an order of 
magnitude in scan rate; the cross-correlation traces (which have not been deconvolved) 
qualitatively appear similar. 
 
The scan rate is then increased to show scans acquired at 1kHz and 10kHz in order to 
demonstrate kilohertz scan rates for the first time, see Figure 4-15 and Figure 4-16. What 
is notable between these scans and the sub-kilohertz counterparts is a reduction in the 
number of fringes detected in each cross-correlation.  
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Figure 4-15 - 1kHz FOSBERT scans are shown within a two-period time-base, above, and an accompanying 
zoomed trace, below. 
 
The overall amplitude, position and shape remain constant from 10Hz up to 10kHz, 
however the faster scan rates mean that the sharp temporal features of each fringe (that 
is, the rise time associated with an individual fringe) may be less clearly detectable. 
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Figure 4-16 - 10kHz FOSBERT scans are shown within a two-period time-base, above, and an 
accompanying zoomed trace, below. 
 
Interestingly this effect becomes significantly more pronounced as the modulation 
frequency is increased from 10kHz to 100kHz. In fact, what was found was with each 10-
kHz increase the number of detected fringes within the cross-correlation rapidly 
decreased, leading to only one or two fringes at 100kHz, see Figure 4-17. 
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Figure 4-17 – A 100kHz FOSBERT scan is shown within a two-period time-base, above, and an 
accompanying zoomed trace, below. In comparison with lower modulation frequencies, the number of 
fringes within the cross-correlation has significantly reduced. 
 
This significant reduction in the number of fringes within the cross-correlation may have 
been explained, as above, due to the bandwidth limitations of the acquisition. However, 
when the modulation frequency is increased further, eventually we find the number of 
detected fringes begins to gradually increase at around 1MHz, see Figure 4-18.  
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Figure 4-18 - 1MHz FOSBERT scans are shown within a two-period time-base, above, and an accompanying 
zoomed trace, below. 
 
This trend of slightly increasing fringes appears to continue until around 3MHz scan rate, 
see Figure 4-19. Beyond around 3MHz and approaching 10MHz scan rate, we find the 
trace begins to completely destabilise, where the cross-correlation fringes blend into the 
surrounding baseline, gradually losing all obvious features. This may be an artefact of the 
‘negative scanning’ associated with particularly fast scan rates (Figure 4-2) where it was 
noted that at 10MHz scan rates, even a few metres of PDL would have degraded scans. 
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Figure 4-19 - 3MHz FOSBERT scans are shown within a-period time-base, above, and an accompanying 
zoomed trace, below. The number of fringes appears to increase compared to that of the 100kHz scan 
rate. 
 
Across all traces at all scan rates from 10Hz to 3MHz, what is clear is the overall shape of 
the traces remains the same and in the same real-time position, given the mechanical 
stage remains stationary. What changes is simply the quality of the trace in terms of the 
number of distinguishable fringes of each, though it should be noted that longer PDL 
lengths gave rise to inconsistencies within each trace whose fringes were noisier and 
tended to oscillate – this is attributed to a combination of dispersion, and in particular to 
pulse-to-pulse jitter, discussed further in section 4.8. 
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Whilst bandwidth limitations have likely played a role, it seems unlikely that these traces 
should lose their features at 100kHz in a 1GHz system. We consider then that individual 
SOSBERT scans were acquired over a period of several minutes each. Given the repetition 
rate of the narrow-ridge device is over 5GHz, this means more than 5 billion pulses are 
present during each second of acquisition, maximising the probability of a cross-
correlation data point due to pulse overlap. Extending this concept, only 500 million 
pulses are present during the 10Hz scan, and a mere 5000 are present during the entirety 
of the 1MHz scan. That is to say, the number of pulses present per second (the repetition 
rate) will dictate the ultimate potential for data point acquisition. Due to the ‘erosion’ of 
fringes, it was found that fitting a Gaussian to the envelope of traces beyond scan rates of 
10kHz proved too inaccurate for this method, and were excluded from analysis 
henceforth. Clearly though, there is promising potential for MHz level scanning, owed to 
the repeatable presence of cross-correlations themselves.   
 
To an extent we can show the erosion of fringes for increasing scan rates due to this 
under-sampling induced by the presence of fewer pulses during faster scan rates. We 
simulate the electric field E of both a stationary and a translatable pulse over time t as; 
 
 
𝐸(𝑡) =
1
2
√𝐼(𝑡)𝑒𝑖𝜔0𝑡−𝜙(𝑡) 
(37) 
 
Where 𝜙(𝑡) is the phase which contributes to chirp, and is set to zero for the purposes of 
this simulation, and 𝜔0 = 2𝜋𝑓 is the carrier frequency, such that the wavelength of the 
pulse 𝜆 = 𝑐/𝑓 where c is the speed of light in a vacuum. 𝐼(𝑡) represents the time-
dependent intensity, which we adopt as a Gaussian such that 
  
 
𝐼(𝑡) = 𝑦0 +
𝐴
𝑤√𝜋/2
𝑒
−2
(𝑡−𝑡𝑐)
2
𝑤2  
(38) 
 
Where 𝑦0 and 𝑡𝑐 represent x-axis and y-axis offsets which are both set to zero throughout 
the simulation, and A represents an amplitude scale which is set to one throughout. 
Finally, w represents the width of the function, which is related to the pulse-width such 
that it’s 𝐹𝑊𝐻𝑀 = 𝑤√ln 4. We construct the original pulse copies with 200as resolution, 
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based upon a wavelength of 1260nm, and an autocorrelation was simulated15 in the same 
fashion as that discussed previously in Chapter 2, Section 2.3, Figure 2-16, however for a 
first order interferometric autocorrelation, across a 20ps scan range16. The 
autocorrelations were then constructed assuming 50000, 5000, 500 and 50 pulses were 
present during the scan, corresponding to scan rates of 100kHz, 1MHz, 10MHz and 
100MHz respectively, see Figure 4-20. 
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Figure 4-20 – Simulation showing autocorrelations where 50000, 5000, 500 and 50 pulses are present, 
representing scans acquired at 100kHz, 1MHz, 10MHz and 100MHz scan rates respectively, assuming a 
5GHz repetition rate. 
 
As can be seen, the general trend of fringe erosion can be demonstrated under the 
principle of increasing scan rate, however the simulation shows this to a lesser extent than 
the experiments in reality, where a fairly well constructed trace is found at 1MHz; in fact it 
is not until an assumed 100MHz scan rate that a similar level of features are seen to 
compare with that of an experimental 1MHz scan rate. This approximate factor of 100 
                                                     
15
 Note that this does simulate an autocorrelation, not a cross-correlation, and does not take into account 
the various dynamic changes in MLLD output characterisation; the purpose is merely to illustrate the 
reduction in fringes due to the presence of fewer pulses per second. 
16
 Note that whilst the simulation was carried out over a 20ps scan range, the figures were drawn to show 
only 10ps in order to clearly see the resultant features. 
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between experimental and simulated results could be due to the bandwidth limitations of 
the 1GHz oscilloscope. We can test this by measuring the rise time of the fringes of a 10Hz 
experimental scan, see Figure 4-21. 
 
Figure 4-21 – Experimental 10Hz FOSBERT trace with a red highlighted region of interest which was used 
to calculate a rise time of 72µs, corresponding to a frequency component of 13.9kHz. 
 
If we consider that at 10Hz, the fringes in the cross-correlation have a rise time of 72µs 
corresponding to a 13.9kHz frequency component, then by extrapolation if the scan rate is 
increased by a factor of 100,000 (to 1MHz), in order to maintain this level of detail the 
system would need to be capable of detecting at 100,000 times 13.9kHz, i.e. frequency 
components of 1.4GHz. In order to realise such fast components the oscilloscope 
bandwidth would have to be significantly greater to overcome the Nyquist criteria, 
however the system would still be incapable of competing with the small number of 
pulses which are physically present during each scan. 
 
The simulation, as well as not being constructed around the varying output characteristics 
of each pulse used in the cross-correlation, does not take into account the effects of jitter, 
dispersion, power and temperature fluctuations which induce noise; all of which are likely 
to contribute to the differences in the experimental versus the simulated results. 
 
Despite these technical drawbacks, the potential of the system is well highlighted in this 
section. Regardless of the quality, cross-correlations from a two-section quantum dot 
mode-locked laser diode were detected and acquired at up to megahertz scan rates, using 
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only a single laser, with absolutely no moving parts, demonstrating the proof of concept of 
repetitive scanning by applying an electrical signal to the absorber section of the diode in 
the context of an imbalanced interferometer. 
 
Note, for the remainder of this chapter (unless stated otherwise), the forward current 
applied to the gain section was increased slightly from the usual 210mA to 220mA in order 
to improve the peak to baseline ratio and aid in the precision of the deconvolution and 
fitting processes. According to the mode-locking region (MLR) measured in Chapter 2, this 
gave rise to slightly different reverse bias and repetition rate tunability ranges, the 
specifics of which are provided in the Appendix, section 7.3.2. As such, a full repetition 
rate tunability of 5.67MHz was found for a static (power supply) reverse bias range of 
5.00V to 7.00V, and therefore a modulated (signal generator) sinusoidal reverse bias range 
of 𝑉𝑜𝑓𝑓𝑠𝑒𝑡 = −7.09𝑉  and 𝑉𝑝𝑝 = 2.28𝑉 when corrected for the voltage drop across the 
new device resistance ranges. This also aids in the demonstration of these devices as 
versatile, entirely electronically controlled pulsed laser sources, where the outputs can be 
tuned essentially at the touch of a button. 
 
4.6.2. Reduction in Repetition Rate Tunability Amplitude  
Though the bandwidth of the oscilloscope is 1GHz, and that of the InGaAs detector is 
5GHz, we do not have any certain way of determining how effectively the device itself 
may respond to fast modulation of one of its sections (the small saturable absorber). In 
order to gather some information regarding this, a typical FOSBERT scan was set up, 
however the longer arm of the interferometer was blocked. With the gain section forward 
biased at a constant 220mA, a continuously modulated reverse bias is applied to the 
absorber section. The output of the narrow-ridge device is then collected at the InGaAs 
detector directly via the free-space delay line only, disallowing the opportunity for a cross 
correlation. The output of the detector is then sent to the oscilloscope, along with a copy 
of the original input modulation signal from the signal generator, see Figure 4-22. Scans 
are acquired from 10Hz to 1MHz. What is immediately evident is that whilst the input 
biasing signal maintains its form and amplitude up to modulation speeds of 1MHz, the 
same cannot be said for the performance of the MLLD. After approximately 100Hz, the 
device begins to show signs of degraded response to the input signal, as the amplitude 
from the detector begins to drop.  
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Figure 4-22 – Above, the reverse bias signal applied to the absorber section of the MLLD across several 
modulation frequencies. Below, the detector output across the same modulation frequencies.  
 
The amplitude reduction has further implications when considering the conversion from 
real time to scanning time. Considering slow modulation or SOSBERT scans, we know that 
a specific value of reverse bias to the absorber section should result in a specific voltage 
output at the InGaAs detector. That is to say, the output of the detector (being directly 
proportional to the average output of the laser) is also then directly related to the reverse 
bias applied to the absorber section as demonstrated in Chapter 2. As such, if there is a 
 
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1
-8.5
-8.0
-7.5
-7.0
-6.5
-6.0
R
e
v
e
rs
e
 B
ia
s
 A
p
p
lie
d
 (
V
)
Time (s)
 10Hz
 100Hz
 1kHz
 10kHz
 100kHz
 1MHz
 
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01
0.015
0.020
0.025
0.030
0.035
0.040
O
u
tp
u
t 
(V
)
Time (s)
 10Hz
 100Hz
 1kHz
 10kHz
 100kHz
 1MHz
138 
 
 
reduction in the extremes of the sinusoid, this suggests firstly that the extremes in 
maximum and minimum average power have not been electrically realised, which could 
signify that the extremes in maximum and minimum reverse bias were never realised 
either. Since the biasing levels are also related to the repetition rate tunability, this could 
mean the tunability has somehow reduced due to faster modulations. If not taken into 
account, this will appear to dilate the trace when it is converted from reverse bias 
(repetition rate tunability) to a scan range, leading to inaccurate or inconsistent 
measurements. 
 
In order to examine this, in the final stages of the project a high speed RF analyser 
(Tektronix RSA51126B) was used over a short period to determine if there was a 
correlation between the falling average power amplitude and the repetition rate tunability 
via the sinusoidal reverse bias. The full repetition rate tunability is known to be 5.67MHz 
under static drive by a power supply over a reverse bias range of 5.0V to 7.0V. The 
equivalent reverse bias range for this repetition rate tunability driven by the signal 
generator, as discussed is 𝑉𝑜𝑓𝑓𝑠𝑒𝑡 = −7.09𝑉 and 𝑉𝑝𝑝 = 2.28𝑉.  
 
When this reverse bias range is supplied in sinusoidal form to the absorber section and the 
output delivered to the high speed RF analyser, we may observe how the repetition rate 
tunability changes for increasing scan rates using the real-time Digital Phosphor 
Technology (DPX) spectrum function, which resembles the maximum-hold function 
available on standard RF analysers. With the span set to 10MHz, markers are placed on 
opposite extremes of the trace as the signal is acquired at 10Hz, 100Hz, 1kHz and 10kHz 
scan rates, see Figure 4-23. Note that screen-shots are taken of the live data during the 
acquisition, and the results of the markers are gathered for later use. Additionally, due to 
limitations of the High Speed RF Analyser, traces were not acquired for 100kHz or 1MHz 
scan rates due to the unreliability in reading the repetition rate tunability reduction. 
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Figure 4-23 – Screen shots from a High Speed RF Analyser showing how the repetition rate tunability 
decreases for increasing scan rates a) 10Hz b) 100Hz c) 1kHz and d) 10kHz 
 
The results clearly show a reduction in repetition rate tunability for increasing scan rates 
compared to the static power supply, and are plotted for comparison where a reading 
error of ±50kHz is assumed (a twentieth of one x-scale division) based on the ability to 
reasonably manually measure the maximum peak of each extreme, see Figure 4-24. 
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Figure 4-24 – The measured repetition rate tunability for increasing scan rates as compared to the known 
repetition rate tunability of the static (unmodulated) case (red dashed line). 
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The cause of the reduction in the amplitude of the repetition rate tunability for faster scan 
rates is not understood at present. It is possible that the fast modulation of the small 
absorber section compared to the statically biased larger gain section leads to 
discrepancies in the temperature of the active region, which was shown in chapter 2 to 
influence the repetition rate. It is also possible that higher quality driving equipment is 
required, such as shortening and replacing the SMA cables between the signal generator 
and the absorber section with higher bandwidth alternatives. 
 
In the following section, the accuracy of the displacement measurements was found to 
decrease for increasing scan rates when the static tunability of 5.67MHz was used 
throughout the experiments. The scan rate-dependant repetition rate tunability was then 
used as a comparison, and the accuracy of these more robust tests is discussed. 
 
4.7. FOSBERT Displacement Measurement 
In this Section, having previously demonstrated the deconvolution process for FOSBERT 
displacement at 10Hz, as well the considering the reduction in quality and even amplitude 
of scans acquired at faster scan rates and the ability to increase the scan range through 
longer PDLs, this section aims to quantitatively assess the accuracy of FOSBERT for a 
variety of scan ranges and scan rates. As with other OSBERT studies, this is cross-examined 
over a number of combinations of PDL lengths and repetition rate tunability ranges.  
 
4.7.1. Experimental Approach 
Two main experimental designs were investigated. Firstly, one which could assess the 
accuracy of extremely small sub-millimetre target displacements of 100 micrometres. This 
was undertaken using a short PDL length of 2m (equating to a free-space distance of 
around 3m) and an applied reverse bias range corresponding to 5.67MHz repetition rate 
tunability, giving a total scan range of 10.86 picoseconds (or 3.26 millimetres in terms of 
potential target displacement) according to expression (14). The second experiment 
consisted of an identical approach however using a longer PDL length of 25m (equating to 
over 36m free-space), corresponding to a far longer total scan range of 135.7 picoseconds 
(or 40.7 millimetres target displacement) according to expression (14). The scans were 
then reanalysed using the repetition rate tunabilities acquired under scan rates of 10Hz, 
100Hz, 1kHz and 10kHz according to Figure 4-24 above. In the case of the 2m PDL 
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experiments, an additional free-space element of 45cm was measured as the imbalance 
between the short and long arms, whilst an additional 48cm was measured in the case of 
the 25m PDL experiments, adding 1.68ps and 1.79ps scan range respectively – these were 
taken into account during all calculations. 
 
In the case of 2m PDL study, the target position was moved through several spatial 
positions, each 100µm apart, such that a series of target movements could be calculated 
and assessed for their accuracy. This process was repeated at several scan rates. The 
approach for the 25m PDL study was identical, however the greater scan range was taken 
advantage of, and instead several individual 1.0mm target positions were acquired.  
 
4.7.2. Analysis and Discussion 
Firstly we look at the scans acquired using the 2m PDL, and deconvolved the scan as per 
the method described in section 4.4.2, see Figure 4-25. Note that although four scan rates 
were assessed, presented here as leading examples are the scans acquired under the 
maximum scan rate of 10kHz. 
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Figure 4-25 – Above, 10kHz target displacement scans using the 2m PDL show several target positions. 
Below, the deconvolved scans plotted over the spatial domain and fitted with Gaussians.  
 
Though the target displacement via the translation stage was known to total a distance of 
0.6mm, the deconvolution of these OSBERT traces has given rise to a total measured 
displacement of 0.738mm. This inaccuracy is expected to be caused by the reduced 
repetition rate tunability amplitude discussed in the previous section, and as such the 
analysis was repeated under the exact same deconvolution process, where only the 
repetition rate tunability was replaced with 4.475MHz as per Figure 4-24 above. The 
results were then replotted, see Figure 4-26. 
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Figure 4-26 – The 10kHz OSBERT target displacement scans are replotted taking into account the reduction 
in repetition rate tunability brought on by increasing scan rates. 
 
As can be seen, the re-analysed traces have been deconvolved into a more accurate total 
displacement of 0.581mm. The remaining inaccuracy as compared to the known 
displacement of 0.6mm is likely due to a combination of the envelope fitting process, the 
inexactly linear relationship between reverse bias and repetition rate, and the inexactly 
linear relationship between the set and experienced voltages due to the resistance of the 
narrow ridge device. For each scan rate, the individual 100µm steps were then plotted 
against an ideal reference for both the uncorrected version of the measurements and that 
which was corrected for the reduction in repetition rate tunability, see Figure 4-27. 
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Figure 4-27 – The individual 100µm steps are plotted alongside an ideal reference for each scan rate. Left, 
the original uncorrected results and right, having been corrected according to Figure 4-24. 
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As can be seen, simply reanalysing the data altering only the repetition rate tunability Δf 
according to the measured reduction has greatly increased the accuracy of each individual 
step, confirming the source (though not the cause) of the error. 
 
Therefore the 25m PDL experiments were conducted and analysed in the same manner. 
Firstly we plot the raw traces from the oscilloscope and deconvolved them assuming the 
tunability does not decrease, see Figure 4-28 and Figure 4-29.  
 
 
Figure 4-28 - 10kHz target displacement scans using the 25m PDL show several target positions. 
 
Figure 4-29 – The deconvolved scans plotted over the spatial domain and fitted with Gaussians. 
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Out of the known total displacement of 7.0mm, 8.517mm was measured using the 10kHz 
OSBERT method. As with the 2m PDL experiments, the data was then reanalysed where 
the repetition rate tunability was substituted with the 4.475MHz found in Figure 4-24, see 
Figure 4-30. 
 
Figure 4-30 - The 10kHz OSBERT target displacement scans are replotted taking into account the reduction 
in repetition rate tunability brought on by increasing scan rates. 
 
As can be seen, the re-analysed traces have been deconvolved into a more accurate total 
displacement of 6.71mm. As with the 2m PDL experiments, the remaining inaccuracy as 
compared to the known displacement of 7.0mm is likely due to the inexactly linear 
relationship between reverse bias and repetition rate, and the inexactly linear relationship 
between the set and experienced voltages due to the resistance of the narrow ridge 
device. Evidently the traces acquired using a 25m PDL are of slightly poorer quality in so 
far as the individual fringes are more difficult to resolve, and therefore the fitting of the 
Gaussians was less precise. This is thought to be due to a combination of dispersion over a 
longer length, and timing jitter, discussed further in section 4.8. These additional factors 
may account for the slightly larger error than that found in the 2m PDL experiments. For 
each scan rate, the individual 1.0mm steps were then plotted against an ideal reference 
for both the uncorrected version of the measurements and that which was corrected for 
the reduction in repetition rate tunability, see Figure 4-31. 
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Figure 4-31 - The individual 1.0mm steps are plotted alongside an ideal reference for each scan rate. Left, 
the original uncorrected results and right, having corrected for the reduction in repetition rate tunability. 
 
As can be seen, the corrected target displacements exhibit far greater accuracy across the 
increasing scan rates than before, however there also appears to be a drop in accuracy 
compared to the ideal reference as the target moves to the final position. The reason for 
this is not understood as (aside from the PDL length) the traces were acquired under 
identical conditions to the 2m PDL counterpart experiments. Since we can rule out the 
correction in repetition rate tunability, or the motion of the target if a software issue 
occurred with the accurate reporting of the stage position – this could be the case since 
the accuracy seems to particularly fall off past 3.0mm total displacement.. The error in 
reading the free-space component, as in Chapter 3, was considered to be +/- 2.0mm, and 
in this context would correspond with a scan range error of only +/- 7.4fs or 2.2µm, and is 
therefore not considered a major contributor towards the error. 
 
Finally, both PDL experiments were compared over each scan rate by averaging the 
individual 100µm and 1.0mm steps in the target displacement for the 2m PDL and 25m 
PDL experiments respectively. As a guide for accuracy and repeatability, the averaged 
results were plotted alongside accompanying error bars which are the standard deviation 
of each average, see Figure 4-32 and Figure 4-33. Each experiment is plotted both with 
and without the repetition rate tunability correction. 
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Figure 4-32 – The average displacements for the 2m PDL experiments are plotted for both uncorrected and 
corrected repetition rate tunability, and contrasted against the known target displacement.  
 
Immediately the benefit of correcting for the repetition rate tunability may be seen, as up 
to 10kHz scan rates, the average 100µm displacements are within error as compared to 
the actual target displacement. Ultimately, a target displacement as small as 100µm was 
successfully measured to within an error of between ±5µm and ±10µm, at a distance of 
2m. The procedure was therefore completed in the same fashion for the 25m PDL 
experiment, see Figure 4-33. 
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Figure 4-33 - The average displacements for the 25m PDL experiments are plotted for both uncorrected 
and corrected repetition rate tunability, and contrasted against the known target displacement.  
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As can be seen, the average displacement is within error of the known target 
displacement of 1.0mm after repetition rate tunability correction. There does however, 
still appear to be a systematic error whereby the correction has given a consistent average 
displacement of around 0.95mm. As with the individual steps shown in Figure 4-31, the 
reason is not known exactly, as all parameters were constant between the 2m and 25m 
PDL experiments. For this experiment, a target displacement as small as 1.0mm was 
successfully measured to within an error of between ±50µm and ±100µm, at a distance of 
25m, equating to a free space distance of over 36m when the free-space component is 
take into account.  
 
4.8. Jitter Considerations 
4.8.1. Brief Introduction to Jitter 
Timing jitter is the deviation of a signal from an ideal periodicity; in the context of pulsed 
lasers this means to what extent the pulses are emitted at exactly the repetition rate. 
With regards to semiconductor laser diodes, both active and hybrid mode-locking 
techniques are generally found to exhibit superior jitter performances than their passively 
mode-locked counterparts [137] due to the restorative active process of pulse train 
emission in the former. Similarly, quantum dot MLLDs have demonstrated superior jitter 
performance than their quantum well counterparts [138], due to the reduced amplified 
spontaneous emission (brought on by greater carrier confinement) which is the primary 
source of jitter in passive mode-locked lasers [128, 139]. 
 
Both RMS and pulse-to-pulse timing jitter methods were compared by Lin et al [140] who  
suggested that the latter method is more suitable for passively mode-locked laser diodes, 
since without the active influence, the timing of each pulse is dependent upon the timing 
of the previous one, which is to say the timing jitter is cumulative, and therefore best 
measured in a pulse-to-pulse format such as that of the cross-correlation method [128, 
141]. 
 
In particular, since OSBERT is an inherently time-sensitive cross-correlation technique, it is 
sensible to take into account the pulse to pulse timing jitter. Kefelian et al [142] have 
shown that the pulse to pulse timing jitter may be extracted using the RF linewidth ∆𝜐  of 
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the RF spectrum as a figure of merit for the magnitude of jitter, which is found to increase 
for the increasing number of periods N between pulse pairs, where  
 
 
𝜎𝑝𝑝(𝑁) = 𝑇𝑟𝑒𝑝√
∆𝜐𝑁𝑇𝑅
2𝜋
=
1
𝑓𝑟𝑒𝑝
√
∆𝜐𝑁
2𝜋𝑓𝑟𝑒𝑝
 
(39) 
 
This is particularly relevant since OSBERT is based partly upon the OSCAT technique, 
where greater scan ranges are brought about by increasing the passive delay line within 
the cross-correlator, and therefore increasing the number of roundtrip periods. As 
discussed, degradations occur within the OSBERT cross correlations for two main factors; 
increasing the scan rate towards megahertz levels, and increasing the passive delay line 
length, the latter of which may be explained by the pulse to pulse timing jitter increasing 
for increasing PDL lengths. 
 
4.8.2. Estimating the pulse-to-pulse timing jitter 
Using the Kefelian approach, RF spectra shown in Chapter 2 were fit with a lorentzian 
function in order to determine their linewidth, which were around 15kHz. It is expected 
that this linewidth would decrease for increasing reverse bias due to the increased 
stability in mode-locking, however the RF Analyser available was not sensitive enough to 
discern a reliable difference between RF traces, hence 15kHz was an upper limit on the 
linewidth. Substituting this into expression (39), we may plot the results according to an 
increasing passive delay length, see Figure 4-34. As a means of comparison, 5kHz, 10kHz 
and 20kHz linewidths were also simulated and superimposed. 
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Figure 4-34 – Simulation showing that increasing the linewidth of the RF spectra or the length of delay line 
will increase the pulse to pulse timing jitter for a 5.07GHz repetition rate laser.  
 
As can be seen, theoretically a few hundred femtoseconds to a few picoseconds of pulse 
to pulse timing jitter may have been present in the OSBERT system depending on the PDL 
lengths used (1m, 2m, 5 and 25m). This would at least qualitatively explain the reduction 
in quality and fringe pattern stability observed for increasing PDL lengths. 
 
4.9. Conclusions 
In this chapter, the final improvements were made to the OSBERT technique. In order to 
compete with the state of the art, the technique was tested for increasing both the scan 
range and the scan rate. 
 
A number of additional considerations had to be taken into account when conducting 
Fast-OSBERT experiments as compared with the static (unmodulated) case of Slow-
OSBERT experiments, demonstrated in Chapter 3. Firstly, whilst the repetition rate was 
still tuned by the reverse bias applied to the absorber section, the source was a signal 
generator with a 50Ω output resistance, compared to the minimal resistance of a power 
supply used for SOSBERT. As such, the voltage drop experienced by the resistance of the 
device had to be accounted for and calibrated.  
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Additionally, it was found (though not entirely understood) that the tunability decreased 
for increasing scan rates, which also had to be compensated for as the reduction in 
repetition rate tunability led to a reduction in scan range, without which the scans were 
increasingly inaccurate. 
 
Compared to SOSBERT, the FOSBERT scans also exhibited quality reduction as the scan 
rate was increased, namely in a reduced number of detectable fringes within the 
interferogram traces. Despite this, cross-correlations were still acquired at megahertz scan 
rates, which highlights the potential of such a system having absolutely no mechanical 
parts. Additionally, a 25m version of the 1m, 2m and 5m PDLs used during the project was 
introduced in order to maximise the scan range to that of the laser’s 200ps roundtrip 
period as proof that this limit can indeed be reached. 
 
In terms of a proof of principle demonstration, target displacement measurement was 
adopted. Using a 2m PDL length, target displacements of 100µm were measured to within 
10µm accuracy at an equivalent free-space distance of over 3m when the refractive index 
of the fibre and the free-space component is taken into account. Scans which were 
corrected for the repetition rate tunability losses were achieved at 10Hz, 100Hz, 1kHz and 
10kHz scan rates. Similarly, using a 25m PDL length, target displacements of 1mm were 
measured to within 100µm accuracy at an equivalent free-space distance of over 36m 
when the refractive index of the fibre is taken into account. Scans which were corrected 
for the repetition rate tunability losses were also achieved at 10Hz, 100Hz, 1kHz and 
10kHz scan rates. Preliminary investigations of megahertz level scan rates were shown to 
have potential for realisation, particularly if a higher speed RF analyser would be required 
in order to measure and compensate for the tunability reduction at such high scan rates. 
Additionally, whilst only PDL lengths as long as 25m were used, it is possible that far 
longer effective distances could be realised, particularly if dispersion compensating fibres 
were used. Additionally, longer PDL lengths were shown to potentially increase the pulse 
to pulse jitter within the system, and so this must also be taken into consideration. 
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Whilst most OSCAT-type systems (including OSREFM) achieved sub-kHz scan rates, 
OSBERT achieved a minimum of 10kHz, additionally contending with two-laser systems 
such as ASOPS and ECOPS, see Appendix Section 7.1.1.  
 
Ultimately, this chapter marks the final improvement in the OSBERT system in terms of 
proof of principle demonstrations. To the best of my knowledge, for the first time an 
optical sampling technique has now been demonstrated using only a single compact, 
inexpensive two-section quantum dot passively mode-locked laser diode. Though based 
partly on the OSCAT technique, OSBERT differs in that the repetition rate is tuned 
electronically, without the need for any mechanical parts whatsoever. This has opened up 
the realisation of scan rates on the order of tens of kilohertz, whilst showing great 
potential for megahertz level scan-rates. 
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5.  Single-Laser-ECOPS and the Virtual Laser  
In this chapter, the groundwork suggestions and theory are discussed for a second unique 
optical sampling technique which was mathematically developed during the final analysis 
of OSBERT in the previous chapters. The theoretical technique for Single-Laser 
Electronically Controlled Optical Sampling (SLECOPS) is firstly introduced as a means of 
performing an ASOPS or ECOPS type scan using only one laser, as opposed to two, partially 
taking advantage of the single-laser OSCAT premise. The concept of a second ‘virtual’ laser 
originating from the source laser is discussed, and a mathematical relationship between 
ASOPS and OSCAT is derived. The potential for increased scan rates among other 
advantages as a result of this technique are presented in the form of cross-correlation 
simulations, and the limitations of practically implementing such a system are considered. 
 
5.1. Introduction 
Asynchronous type sampling, demonstrated in ASOPS and ECOPS systems, have thus far 
been described as inherently two-laser techniques, whereas in fact ASOPS has to date 
been performed using only a single mode-locked fibre laser [143], whose cavity was 
designed such that it resulted in dual-wavelength output pulses at slightly different 
repetition rates. SLECOPS (essentially, Single Laser ECOPS) is a theoretical suggestion for a 
new optical sampling technique which combines several of the previously introduced 
state-of-the-art methods for many of their advantages, whilst losing many of their 
disadvantages. Namely, SLECOPS competes with the speed and basic asynchronous 
principle of ASOPS, the selectable and customisable scan range of ECOPS, and the single-
laser operation of OSCAT (or OSBERT) by use of a passive delay line in a highly imbalanced 
interferometer. It is important to note that whilst OSBERT is based exclusively on MLLDs 
with repetition-rates tunable via selective biasing conditions, SLECOPS is a method which 
is potentially applicable to any single pulsed laser source whose repetition rate can be 
modulated (including MLLDs).  
 
SLECOPS is achieved initially very similarly to OSBERT, by splitting the pulse train of a 
single pulsed laser source of some tunable repetition rate into two copies which traverse 
two independent paths; one far longer than the other, such as that found in a highly 
imbalanced interferometer, and the premise of the OSCAT technique [59]. Provided the 
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repetition rate of the pulsed laser source is tunable to some degree between a minimum 
and maximum frequency, and the passive delay line is sufficiently long, a temporal delay 
will occur between the two recombined pulse train copies at some target position. The 
combination of the passive delay line length and the amplitude of repetition rate 
tunability will determine the maximum scan range of the system. The concept of the 
‘virtual laser’ may be seen as replacing one of the physical lasers of the two-laser ECOPS 
(or ASOPS) techniques with a long PDL and square wave or ‘switching’ tunability of the 
physical laser. As in ECOPS, this ultimately leads to two extreme repetition rates being 
alternately present at the target position, see Figure 5-1, giving rise to asynchronous 
sampling in a manner similar to that of ASOPS. 
 
Figure 5-1 – Diagram showing how the second laser of an ECOPS system can be removed, giving rise to a 
Single Laser ECOPS technique (SLECOPS). The concept of the virtual laser shows how square wave 
modulation and a passive delay line can give rise to an alternating repetition rate difference at the target, 
the principle of ECOPS as a special case of asynchronous optical sampling. 
 
The switching modulation of the repetition rate at the laser source via square wave is 
inspired by ECOPS, and occurs in such a manner as to allow, for example, the beam with 
the minimum repetition rate pulse train to propagate in one arm, whilst the beam with 
maximum repetition rate is delayed within the longer arm. The result is that two distinct 
repetition rates are detected at some target position upon the recombination of both 
pulse trains. The process is reversed upon switching the laser source to the opposite 
repetition rate in such a manner to allow scanning to be repeated periodically, for 
example using square wave modulation. 
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From the outset it is important to differentiate SLECOPS from the other optical sampling 
methods described throughout the project. Whereas OSCAT uses a controlled linear [59] 
(or sinusoidal [62]) increase of the repetition rate to directly control the scan rate, steadily 
acquiring data points along the way, SLECOPS instead switches instantly from the 
minimum to the maximum repetition rate, and allows the setup to scan through itself 
asynchronously. That is to say, the scan occurs passively at the moment of switching, 
rather than be guided by a steady increase or decrease in repetition rate, and therefore 
only two repetition rates are ever used. 
 
Whereas the scan does occur in an asynchronous manner like that of ASOPS [40], SLECOPS 
uses only one laser, where the second laser may be thought of as effectively replaced by a 
long passive delay line (the ‘virtual laser’). Similarly, although ECOPS [54] as discussed 
previously may solve ASOPS’ problem of unwanted dead time, it does so by introducing a 
mechanical means of tuning one of the lasers repetition rates, a further limitation to add 
to the fact it is performed with two lasers. SLECOPS uses only one laser, where the pulse 
train traversing the passive delay line may be said to act as the ‘second’ or virtual laser on 
recombination.  
 
In order to have the full selectable scan range within the entire roundtrip period, it is 
necessary to select a passive delay line which will allow this when combined with the 
preferred repetition rate tunability (though such a scan range is not actually necessary in 
order to accomplish the SLECOPS method). That is, as with the OSBERT method any 
combination of repetition rate tunability and passive delay line length may be adopted, 
giving a maximum possible scanning window up to one full roundtrip period of the pulse 
train (as in the case of ASOPS). A preferred scan range within that window may then be 
further selected by varying the amplitude and offset of the switching function controlling 
the repetition rate tuning. Thus scan ranges can be instantly limited to only meaningful 
temporal windows where information is required. As such, Single Laser ECOPS as 
described in this chapter is a proposal for a technique where ECOPS-type scanning can 
actually occur using only one laser. 
 
. 
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5.2. Theory 
We firstly examine in more detail a typical OSCAT setup, where the pulsed output of a 
mode-locked laser is split into a short and a long arm in the format of an imbalanced 
interferometer. As previously described in chapter 3, the combination of the ability to 
tune the repetition rate 𝑓𝑟𝑒𝑝 by 𝛥𝑓 and the length l of a passive delay line (PDL) of 
refractive index n will give rise to a scan range 𝛥𝑡 [60] such that  
 
 
𝛥𝑡 =
𝑙 ∙ 𝑛 ∙ 𝑓𝑟𝑒𝑝
𝑐
(
1
𝑓𝑟𝑒𝑝
−
1
𝑓𝑟𝑒𝑝 + 𝛥𝑓
) = 𝑎 (
1
𝑓𝑟𝑒𝑝
−
1
𝑓𝑟𝑒𝑝 + 𝛥𝑓
) 
(40) 
 
Where c is the speed of light in a vacuum and a is the pulse-index; the difference in pulse 
number due to the interferometric arm imbalance. We now consider the mode-locked 
laser is pulsing at some repetition rate 𝑓1. The pulses from each arm will temporally 
overlap at some target position, assuming in this case the temporal delay induced by the 
PDL is proportional to a multiple of the roundtrip period, see Figure 5-2. Note, the 
temporal delay of the PDL is simply defined as the delay in time for the length l such that 
𝑇𝑃𝐷𝐿 = 𝑙𝑛/𝑐. 
 
 
Figure 5-2 – An OSCAT setup showing how the consecutive pulses from the long and the short arm are 
temporally (and spatially) aligned, given a PDL whose temporal delay is proportional to one roundtrip 
period. The imbalance of the long arm means at the point of switching to a new repetition rate f2, the 
former repetition rate f1 will have a longer optical path to cross (temporarily) than that of the short arm. 
 
Once the pulse train with repetition rate  𝑓1 propagates both arms and then recombines, 
at some point in time OSCAT requires the next sub-step in repetition rate to be selected, 
giving rise to a different 𝑓2 at the source (blue in Figure 5-2). It is clear to see that the 
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pulse train with 𝑓2 will traverse the short arm far sooner than the pulse train in the long 
arm, which is to say the repetition rate change itself is delayed by the imbalance. As a 
result, for a brief period proportional to the length of the imbalance, two pulse trains with 
different repetition rates will temporarily overlap at the target position, see Figure 5-3, 
also known here as the catch-up phase. 
 
 
Figure 5-3 – The new pulse train with f2 has traversed the far shorter arm and reached the target, however 
the pulse train in the long arm still exhibits the former repetition rate f1. As a result, two different 
repetition rates are temporarily present at the target position, giving a sucessive temporal delay ∆𝒕𝒂,𝒃,𝒄 .  
 
During this ‘catch-up’ phase which is proportional to the imbalance, both 𝑓1 and 𝑓2 will 
interfere, and as outlined in the figure above, two discrete repetition rates present at one 
target will scan asynchronously, where each successive pulse is delayed in increments like 
that of ASOPS; ∆𝑡𝑎, ∆𝑡𝑏, ∆𝑡𝑐 and so forth. However, in the case of OSCAT presented here, 
this will not continue indefinitely, as eventually the new repetition rate 𝑓2 will complete its 
progress through the long arm, and the previous repetition rate will no longer exist 
simultaneously. At this point, the output of both arms has a repetition rate 𝑓2, however 
due to the asynchronous step-wise nature of the previous phase, the pulses from each 
arm no longer overlap, but are left delayed with respect to each, see Figure 5-4. In finer 
detail, and closer inspection, this is the mechanism upon which OSCAT is built by 
successive incremental changes in repetition rate; the final delay between discrete OSCAT 
data points comes about due to the temporary mismatch of repetition rates exhibited in 
each arm requiring a catch-up phase between increments of repetition rate. 
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Figure 5-4 – After a time equal to the delay of the PDL, the temporary ASOPS-type scan caused by the 
presence of two repetition rates f1 and f2 at the detector has now ceased, and once again the same 
repetition rate (now f2) is present at the detector in both arms.  
 
As such, this final phase represents a new data point in the OSCAT scanning regime, as 
there is now a consistent delay between successive pulses from both arms, the entire 
object of that technique. The process will repeat as illustrated through the succession of 
the previous three figures at each moment the repetition rate is detuned again resulting in 
a new repetition rate, and therefore a new delay time and a new OSCAT data point. 
 
The scenario corresponding to the transitions between the situations depicted in Figure 
5-2, Figure 5-3 and Figure 5-4 may then be represented numerically. Consider a single 
pulsed laser of repetition rate 𝑓1 = 10GHz, (and roundtrip period 1/𝑓1 = 100𝑝𝑠) where 
the PDL has a length corresponding to a pulse index of 𝑎 = 4. If the repetition rate is 
tuned by Δf = 500MHz to 𝑓2 = 10.5GHz, this would represent a temporal delay of 20ps 
according to expression (40). Continuing in OSCAT fashion, a further Δf = 500MHz increase 
will give rise to another data point delayed by a further 20ps, and so forth (as similarly 
demonstrated in SOSBERT, Chapter 3). However, as indicated, the transition mechanism 
for this delay occurs due to this previously unexplored “catch-up” period, as the difference 
in roundtrip periods finish propagating the long and short arms, where the PDL represents 
their imbalance, see Figure 5-5. 
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Figure 5-5 – A representation of the concept of the ASOPS dynamic occurring within the OSCAT regime.  
 
If the ASOPS-type dynamics within this OSCAT scan are ignored, essentially three OSCAT-
type delay data points Δt are represented here, one for each Δf value. Note that unless 
the repetition rate is then altered again, the OSCAT scan would simply repeat at the same 
delay time, represented here by arbitrarily sustaining the time delay for four roundtrip 
periods; in reality of course, this depends on the speed of acquisition.  
 
The temporal step-size of this ASOPS-type dynamic under these conditions is 𝛿𝑡 = 5𝑝𝑠, 
which is to say four such steps are taken before the OSCAT data point at 20ps is reached 
from the initial 0ps temporal delay; one ASOPS-type step per pulse propagating the delay 
line. In other words, the number of points is equal to the pulse index a of the PDL of 
length l. If we now rename the variables such that 𝑓1 = 𝑓𝑚𝑖𝑛 and 𝑓2 = 𝑓𝑚𝑎𝑥, (the minimum 
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and maximum repetition rates considered in the ASOPS-type phase) the step-size may 
then be given by  
 
 
𝛿𝑡 =
∆𝑓
𝑓𝑚𝑖𝑛𝑓𝑚𝑎𝑥
 
(41) 
 
which is the same relationship for step-size given by true ASOPS [144]. By extension, since 
the number of points is equal to the pulse index a, it follows that the total scan range is 
the product of the step-size and pulse index, 
 
 
𝛥𝑡 = 𝑎 ∙ 𝛿𝑡 = 𝑎 ∙
∆𝑓
𝑓𝑚𝑖𝑛𝑓𝑚𝑎𝑥
 
(42) 
 
As expected this is simply a rearrangement of the main OSCAT expression (40) and was 
previously expressed as an approximation in Chapter 4, surrounding expression (31). 
Substituting the values used to simulate Figure 5-5, we find that 4 pulses at 5ps step-size 
indeed amount to 20ps total scan range. In this example, a pulse index of 20 would give 
rise to a scan range 𝛥𝑡 equivalent to the entire roundtrip period of 1/𝑓𝑟𝑒𝑝 = 100ps. This 
corresponds to a PDL length of just 0.6m, assuming 500MHz total repetition rate 
tunability. In such a system, only two values of repetition rate would be required; 𝑓𝑚𝑖𝑛 and 
𝑓𝑚𝑎𝑥  where ∆𝑓 = 𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛. As such, if instead of ramping linearly from 𝑓𝑚𝑖𝑛 to 𝑓𝑚𝑎𝑥  
(as in the case of an OSCAT scan), we could instantaneously switch between the values, 
and this would allow an ASOPS-type scan to occur. For example, in the case of Slow-
OSBERT scans (discussed in Chapter 3) where the reverse bias corresponding to a 
repetition rate is gradually increased through the mode-locking region, we would instead 
simply switch from the lowest to the highest voltage, omitting any need to access any 
intermediate repetition rates. In the current example, due to the catch-up period in a 
0.6m long PDL (equivalent to a pulse index of 20), the scan will proceed according to 
Figure 5-6. 
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Figure 5-6 – If the intermediate repetition rate steps used for a complete OSCAT scan are omitted, and 
only the maximum and minimum value selected, an ASOPS type scan will occur as one pulse train will 
propagate with the minimum repetition rate the other will propagate with the maximum repetition rate. 
 
In the case of ASOPS, the scan range is always the entire roundtrip period associated with 
the laser’s repetition rate [40], 𝛥𝑡 = 1/𝑓𝑟𝑒𝑝. For SLECOPS, the scan range, as shown, is still 
completely determined by the parameters comprising the OSCAT equation, expression 
(40), where here we have adopted the special case of variables leading to a scan range 
equal to the roundtrip period in order to take advantage of the maximum possible range. 
In this case, if we were to shorten the PDL length, the scan range would be reduced, 
alongside the number of acquisition points, whilst the step-size would remain constant. 
The real-time acquisition, whose duration as shown is proportional to the length of the 
PDL, would also reduce. If the repetition rate tunability were reduced, the scan range 
would also reduce (as in the case of the reduced PDL). The step-size would also reduce 
giving rise to higher resolution according to expression (41), however the real-time 
acquisition would remain constant, as this is still determined entirely by the length of PDL. 
Also we note that a reduction in step-size would also occur at lower repetition rates, 
though the roundtrip period would increase.  
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In the example outlined above, the full scan occurs over a real-time period of 2000ps, 
which at 2ns could potentially be equivalent to 500MHz scan rate, however the scan only 
propagates once through the 0.6m PDL and then terminates as soon as both arms exhibit 
the same repetition rate, see Figure 5-7, where only figure (d) represents an ASOPS-type 
scan. 
 
 
Figure 5-7 – a) The original minimum repetition rate is propagating each arm. b-c) The beam with the 
maximum repetition rate has been set and begins propagating both arms. d) Whilst the beam with 
maximum repetition rate has reached the target via the short arm, it is still delayed via the long arm. 
Consequently both repetition rates may be detected in an ASOPS type fashion. e) With the maximum 
repetition rate having caught up to that of the short arm at the target via the PDL, the scan is terminated. 
 
In order to scan repetitively, we must be able to alternate the minimum and maximum 
repetition rates at the source in a manner which will allow two different repetition rates 
to be present periodically at the target position, for example, by using a waveform 
generator (WFG) to modulate the repetition rate as a square wave between minimum and 
maximum values. In a laser cavity with bulk optics this could be done, as in the OSCAT or 
ECOPS techniques, by simply moving the intra-cavity mirrors between two positions. In 
the case of MLLDs, this could be accomplished as in the OSBERT method, by driving the 
reverse bias applied to the absorber section as a square wave, see Figure 5-8. 
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Figure 5-8 – a) The repetition rate of the laser is modulated as a square wave via a WFG, where the PDL of 
the long arm causes both maximum and minimum repetition rates to be present at the target position. b) 
Half a period later, as the square wave propagates, the repetition rates constantly swap whether they are 
present in the long or short arm, a similar principle as that shown in ECOPS.  
 
In particular, if the period of the square wave 𝑇𝑠𝑞 is exactly double that of the passive 
temporal delay 𝑇𝑃𝐷𝐿 introduced by the PDL of length l where 𝑇𝑃𝐷𝐿 = 𝑙/𝑐, the repetition 
rates will constantly switch with respect to each other in an ECOPS-type scan, where  
 
 𝑇𝑠𝑞 = 2𝑇𝑃𝐷𝐿 (43) 
 
As previously discussed, the usable scan rate is determined entirely by the length of the 
PDL used. If this length does not satisfy expression (43), if too short then dead-time will 
occur within the period of the square wave, see Figure 5-9. Ultimately, the picture of 
modulating the square wave at a scan rate whose period is proportional to double the 
temporal delay of the PDL is in essence the same as that of ECOPS – the major advantage 
being that only one laser is used, hence, Single Laser Electronically Optical Sampling is 
conceived.  
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Figure 5-9 – A square wave modulation of the repetition rate at the source laser gives rise to a phase 
difference in the square wave brought on by the imbalance between the two arms. Above, a PDL whose 
temporal delay is shorter than the square wave’s half-period will lead to combinations of scanning and 
dead time. Below, a PDL whose temporal delay is equal to that of the square wave’s half-period will lead 
to alternating ECOPS-type scanning, using only one laser. 
 
It should be noted, however, that it is not essential to satisfy expression (43). The scan will 
still propagate within the period of the square wave, depending on the length of PDL used, 
and provided the ratio of dead-time is known, the useable scan period may still be utilised 
(as per the upper diagram in Figure 5-9. It is, of course, advantageous to reduce the period 
of the square wave as far as is practically possible to limit the dead time and increase the 
actual scan rate. That is to say, whilst the outright scan rate by definition is the inverse of 
the temporal delay of the PDL 𝑟𝑃𝐷𝐿 =
1
𝑇𝑃𝐷𝐿
 the frequency of the square wave used to 
modulate the repetition rate is given by the inverse of the square wave period,  𝑟𝑠𝑞 =
1
𝑇𝑠𝑞
 . 
In the event that expression (43) is satisfied, we may unambiguously assert the scan rate 
of SLECOPS is the inverse of the passive real-time delay introduced by the PDL, which 
accommodates a-1 pulses of roundtrip period 𝑻𝒓𝒆𝒑, such that 
 
 
𝑟𝑆𝐿𝐸𝐶𝑂𝑃𝑆 =
1
𝑇𝑃𝐷𝐿
=
1
(𝑎 − 1) ∙ 𝑇
=
𝑓𝑟𝑒𝑝
(𝑎 − 1)
 
(44) 
 
Note, the factor (a - 1) is simply representative of the fact that the roundtrip periods occur 
in-between pulses, and there will always be one fewer roundtrip period than pulses. For 
comparison, the ASOPS scan rate is given by the inverse of the sample interval 1/𝛥𝑓 [15] 
which is the difference in the repetition rate of each laser, such that 
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 𝑟𝐴𝑆𝑂𝑃𝑆 = 𝛥𝑓 (45) 
 
And as noted, the scan range of the ASOPS system is simply one full roundtrip period Trep; 
the inverse of the repetition rate, 
1
𝒇𝒓𝒆𝒑
= 𝑇𝑟𝑒𝑝, whereas the scan range of SLECOPS is still 
defined by the fundamental OSCAT formula, expression (40). 
 
The step-size of SLECOPS has already been defined by expression (41) as the same as the 
step-size of ASOPS, and the number of points in an ASOPS scan 𝑁𝐴𝑆𝑂𝑃𝑆 is given by  
 
 
𝑁𝐴𝑆𝑂𝑃𝑆 =
𝑓𝑚𝑖𝑛
𝛥𝑓
=
1
𝑇
∙
1
𝛥𝑓
 
(46) 
 
Whilst the number of points of SLECOPS has been defined as equal to the pulse index a, 
(essentially by the length of PDL) such that 
 
 
𝑁𝑆𝐿𝐸𝐶𝑂𝑃𝑆 = 𝑎 =
𝑙𝑛𝑓
𝑚𝑖𝑛
𝑐
 
(47) 
 
In fact it is possible to unite the mathematical description of single laser SLECOPS 
technique with the double laser ASOPS technique based on this information. For example, 
if we simply set the number of points of the SLECOPS system equal to one (essentially one 
delay step), this is the same as setting a = 1 to the full scan range in expression (40), such 
that 
 
 
𝛥𝑡 = 1 (
1
𝑓
−
1
𝑓 + 𝛥𝑓
) =
1
𝑓𝑚𝑎𝑥
−
1
𝑓𝑚𝑖𝑛
=
𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛
𝑓𝑚𝑎𝑥 ∙ 𝑓𝑚𝑖𝑛
=
𝛥𝑓
𝑓𝑚𝑎𝑥 ∙ 𝑓𝑚𝑖𝑛
 
(48) 
  
This is in perfect agreement with the simulated model and expressions (41) and (42). 
Similarly, if the desired scan range of SLECOPS is the full roundtrip period, the scan rate of 
the ASOPS and OSCAT systems become comparable as SLECOPS. If we set the special case 
where the required scan range 𝛥𝑡 of SLECOPS (defined by expression (40)) to 1/𝑓𝑟𝑒𝑝 or 
equivalently 𝑇𝑟𝑒𝑝 (where as in ASOPS 𝑓𝑟𝑒𝑝 in this case is equal to 𝑓𝑚𝑖𝑛) we find 
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𝛥𝑡 = 𝑎 (
1
𝑓𝑟𝑒𝑝
−
1
𝑓𝑟𝑒𝑝 + 𝛥𝑓
) =
1
𝑓𝑟𝑒𝑝
= 𝑇𝑟𝑒𝑝 
(49) 
 
Rearranging for the substitution where 
1
𝑓𝑟𝑒𝑝
= 𝑇𝑟𝑒𝑝 we then find 
 
 𝑇𝑟𝑒𝑝 = 𝑎𝑇𝑟𝑒𝑝 −
𝑎
1
𝑇 + 𝛥𝑓
 (50) 
 
The following steps of rearranging and substitution follow in turn 
 
 𝑇𝑟𝑒𝑝 − 𝑎𝑇𝑟𝑒𝑝 = 𝑇𝑟𝑒𝑝(1 − 𝑎) = −
𝑎
1
𝑇𝑟𝑒𝑝
+ 𝛥𝑓
 (51) 
 
 
𝑇𝑟𝑒𝑝 = −
𝑎
1
𝑇𝑟𝑒𝑝
+ 𝛥𝑓
1
(1 − 𝑎)
 
(52) 
 
 
𝑇𝑟𝑒𝑝 (
1
𝑇𝑟𝑒𝑝
+ 𝛥𝑓) = −
𝑎
(1 − 𝑎)
 
(53) 
 
 1 + 𝑇𝑟𝑒𝑝𝛥𝑓 = −
𝑎
(1 − 𝑎)
 (54) 
 
 
𝑇𝑟𝑒𝑝𝛥𝑓 = −
𝑎
(1 − 𝑎)
− 1 =
1
(𝑎 − 1)
 
(55) 
 
Finally giving rise to the final expression 
 
 
𝛥𝑓 = 𝑟𝐴𝑆𝑂𝑃𝑆 =
1
(𝑎 − 1)𝑇𝑟𝑒𝑝
= 𝑟𝑆𝐿𝐸𝐶𝑂𝑃𝑆 
(56) 
 
As can be seen, expression (56) has successfully united SLECOPS expression (44) and 
ASOPS expression (45) for scan rate, but only in the special case that the required scan 
range is equal to the roundtrip period. Since this has been derived via the same special 
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case of OSCAT, this proves mathematically that the two optical sampling techniques are 
not entirely mutually exclusive, and are built around similar premises.  
 
A brief summary of the salient points of how both l and Δf impact various SLECOPS 
scanning parameters, including the number of points, the step-size, the scan range and 
the scan rate is tabulated in Figure 5-10 for clarity and for future reference. 
 
 Effect on SLECOPS Scanning Parameter (relevant expression) 
 
 
 
Parameter To 
Increase 
Number of 
Pulses (47) 
 
𝒂 =
𝒍𝒏𝒇𝒓𝒆𝒑
𝒄
 
Step-Size 
 (41) 
 
∆𝒇
𝒇𝒎𝒊𝒏𝒇𝒎𝒂𝒙
 
Scan Range 
(42) 
 
𝒂 ∙ 𝜹𝒕 
Scan Rate †   
(44) 
 
𝒇𝒓𝒆𝒑
(𝒂 − 𝟏)
 
PDL length l 
 
Increases  Unchanged Increases Decreases 
Repetition Rate 
tunability Δf 
Unchanged  Decreases Increases Unchanged 
Figure 5-10 – For a given fundamental pulse repetition rate, how will increasing the PDL length or the 
repetition rate tunability affect the number of pulses, the temporal step-size, the scan range and scan rate 
of a SLECOPS scan. 
 
† Note as discussed, for the case of scan rate we assume expression (43) is satisfied such 
that 𝑇𝑠𝑞 = 2𝑇𝑃𝐷𝐿, and so of course the square wave period will be selected according to 
the desired PDL length, though this condition does not have to be met. One could keep 
the preferred PDL length but perhaps be limited in having to use a far slower square wave, 
in which case the scan may be realised but at significantly lower scan rates due to the 
extended dead times. The square wave could also be significantly faster than the 
requirement, meaning that the available legitimate scan time is reduced (which of course 
may be an advantage for shorter events of interest in pump probe spectroscopy for 
example). Therefore it is reasonable to also say that the scan rate is ultimately decided by 
the frequency of the square wave chosen for the scan, in which case the PDL length has no 
effect on the scan rate, but as is described above, will impact the number of pulses 
present during the scan. 
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5.3. SLECOPS Simulation 
In order to visualise how the variables which make up a SLECOPS scan may result in optical 
sampling, a SLECOPS cross-correlation simulation was developed. The simulation firstly 
creates an ultrashort pulse which is stationary with respect to a second pulse which may 
be temporally delayed such that the two may cross-correlate. The stationary pulse 
represents that which has exited the short arm, whilst the second represents that which 
has traversed the PDL of the longer arm, and their resultant optical cross-correlation is 
simulated to exhibit the properties of a SLECOPS type scan. 
 
From the outset it is important to note the limitations of such a simulation, which is 
presented as a illustrative demonstration of the described theory. Firstly, the simulation 
does not directly take into account the difference between short arm and long arm pulse 
pairs, such as dispersion or differences in laser’s output characteristics related to the 
repetition rate difference. Secondly, the square wave nature of SLECOPS is not included, 
simply the result of a single instant switch from minimum to maximum repetition rates in 
the context of an imbalanced interferometer. Therefore, in order to simplify the 
simulation we may effectively assume the square wave period is selected such that any 
dead time is eliminated, and expression (43) is satisfied. 
 
As in the case of the simulator described previously in chapter 4 to demonstrate the 
erosion of fringes, the electric field E of both the stationary and translatable pulse over 
time t are described as follows; 
 
 
𝐸(𝑡) =
1
2
√𝐼(𝑡)𝑒𝑖𝜔0𝑡−𝜙(𝑡) 
(57) 
 
Where and 𝜙(𝑡) is the phase which contributes to chirp, and is set to zero for the 
purposes of this simulation, and 𝜔0 = 2𝜋𝑓 is the carrier frequency, such that the 
wavelength of the pulse 𝜆 = 𝑐/𝑓 where c is the speed of light in a vacuum. I(t) represents 
the time-dependent intensity, which we adopt as a Gaussian such that 
  
 
𝐼(𝑡) = 𝑦0 +
𝐴
𝑤√𝜋/2
𝑒
−2
(𝑡−𝑡𝑐)
2
𝑤2  
(58) 
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Where 𝑦0 and 𝑡𝑐 represent x-axis and y-axis offsets which are both set to zero throughout 
the simulation, and A represents an amplitude scale which is set to one throughout the 
simulation. Finally, w represents the width of the function, which is related to the pulse-
width such that it’s 𝐹𝑊𝐻𝑀 = 𝑤√ln 4. If these expressions are combined, we can fully 
mathematically describe a pulse for use in the simulation, which is that of a first order 
linear interferometric cross-correlation as described in Chapter 3. As in previous cases, the 
autocorrelation function is given by  
 
 
𝐴(2)(𝜏) = ∫ 𝐸(𝑡)𝐸(𝜏 − 𝑡)𝑑𝑡
∞
−∞
 
(59) 
 
For the purposes of demonstrating how the PDL length and repetition rate tunability each 
affect the characteristics of a SLECOPS scan, two main cross-correlation simulations are 
presented. In both cases the pulse characteristics were set to be similar to that of the 
narrow-ridge device discussed in the previous two chapters. Parameters common to both 
simulation 1 and simulation 2 are tabulated in Figure 5-11. 
 
Parameter Value 
Original Pulse Wavelength 1260nm 
Original Pulse Duration 10.0ps 
Original Pulse Resolution 0.2fs 
Repetition Rate 5.07GHz 
PDL refractive index 1.46 
Figure 5-11 – Table summarising the constant parameters common to both SLECOPS simulations. 
 
Whilst the original pulse of the short arm is simulated to remain stationary at a temporal 
delay position of zero, the translatable pulse of the long arm is set to an initial position 
calculated as half the available scan range away from the zero-position, such that one full 
scan would translate the second pulse through the entire available scan range. The 
original pulse is simulated such as to show its 200 attosecond resolution required for the 
simulation of 1260nm wavelength, see Figure 5-12. 
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Figure 5-12 – Left, a simulation of the original pulse used for the cross-correlation simulation, and right, 
the central 50fs show the 200as resolution in the fringe pattern. 
 
Additionally we may take a Fast Fourier Transform of the simulated pulse in order to check 
the spectral components in the fringe pattern are of a frequency corresponding to the 
wavelength of the light, see Figure 5-13. 
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Figure 5-13 – FFT of the original simulated pulse with Lorentzian fit to its peak. 
 
When fit with a Lorentzian, we find the RF peak is centred at 2.38 × 1014 Hz, which 
indeed corresponds to a wavelength of 1260.5nm. The slight deviation from the simulated 
1260.0nm is likely a combination of the goodness of fit of the Lorentzian, and the 
resolution used to create the original pulse trace. 
 
Before applying the SLECOPS method to the cross-correlation simulator, it is firstly set up 
such as to simulate a trace brought on by a standard mechanical translation stage. The 
simulator was set to cross-correlate the original pulse described above at a step-size of 
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1.0µm (or 3.33fs) - a resolution the Thorlabs translation stage used in the previous 
chapters was capable of, see Figure 5-14. 
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Figure 5-14 - Left, a simulated mechanical stage cross-correlation of the original pulse taken with a step-
size of 3.33fs, and right, the central 50fs show the equivalent resolution in the fringe pattern. 
 
As can be seen, and as is generally the case in reality, the cross-correlation has been 
under-sampled in that the original pulse fringe pattern has not been created, and rather a 
Nyquist effect has led to the appearance of a misleading fringe pattern. This is because the 
3.33fs resolution is over 10x the original pulse resolution. This translation stage version 
may now be contrasted with those of the SLECOPS method under similar conditions. 
 
Although the original pulses are created with a resolution of 0.2fs, the cross-correlation 
step-size (among other characteristics) is determined by the SLECOPS parameters. In 
Simulation 1, the difference in repetition rate is ∆𝑓 = 10𝑀𝐻𝑧 and the PDL has length 
𝑙 = 25𝑚. As discussed, the number of steps is governed by the pulse index 𝑎 = 617 as in 
expression (47), the scan range ∆𝑡 = 240𝑝𝑠 as in expression (42) and the step-size 
𝛿𝑡 = 389𝑓𝑠 as in expression (41), see Figure 5-15. Since the SLECOPS scan progressed 
with a step-size which was almost 2000x that of the original pulse, and over 100x that of 
the mechanical delay stage cross-correlation, the significantly lower resolution of the 
cross-correlation is expected. 
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Figure 5-15 –The resultant SLECOPS cross-correlation for a PDL length of 25m and a repetition rate 
tunability of 10MHz. 
 
The scan rate, however, is the most important aspect of the SLECOPS scan. Its inverse, the 
sample interval, was 122ns, according to expression (44), which is proportional to the 25m 
PDL length used, see Figure 5-16. 
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Figure 5-16 – The cross-correlation acquired under the parameters of simulation 1 plotted instead for the 
real 122ns acquisition time. 
 
This would require a square wave modulation frequency of 8.2MHz to avoid dead time. As 
discussed, it is possible to control the resolution by varying the repetition rate tunability, 
however this will also alter the scan range. We can therefore make alterations to both the 
PDL length and the repetition rate tunability to keep the same scan range, whilst 
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increasing the resolution. We do so by extending the PDL length by five times to 125m, 
whilst also reducing the repetition rate tunability by five times to 2MHz, see Figure 5-17. 
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Figure 5-17 – The resultant SLECOPS cross-correlation for a PDL length of 125m and a repetition rate 
tunability of 2MHz 
 
This has had the effect of increasing the number of points to 3084 and decreasing the 
step-size to 78fs, whilst the scan range, as can be seen, has remained the same as in 
simulation 1. The caveat, of course, is that such a scan will take longer to acquire due to 
the significantly longer PDL length, see Figure 5-18. 
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Figure 5-18 - The cross-correlation acquired under the parameters of simulation 2 plotted instead for the 
real 608ns acquisition time. 
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Such a scan, if repeated via square wave, would require modulation at a frequency of 
1.6MHz to avoid dead time. The input parameters and output parameters of both 
simulations are summarised and tabulated, see Figure 5-19. 
 
 Simulation 1 Simulation 2 
Parameter Input  
PDL Length l 25m 125m 
Rep Rate Tunability Δf 10MHz 2MHz 
Parameter Output  
Number of Points Npt 617 3084 
Step-Size δt 389fs 78fs 
Scan Range Δt 240ps 240ps 
Sample Interval TPDL 122ns 608ns 
Equivalent Scan Rate 1/ TPDL 8.2MHz 1.6MHz 
 
Figure 5-19 - Table summarising how both simulations were conducted in terms of the difference in input 
parameters, and the resultant output parameters of each. 
 
These results may then be retrospectively contrasted with the general predictions 
associated with SLECOPS in Figure 5-10. Clearly there are multiple trade-offs between scan 
range, scan resolution and scan rate brought about by the combinations of PDL length and 
repetition rate tunability. If the experiment in question was designed to measure 
significantly shorter events, the user would need to take these conditions into account. 
 
5.4. Practical Considerations on SLECOPS experimental implementation 
In order to give a practical indication of the future potential of the SLECOPS technique, an 
example is drawn from the work of previous chapters within this project. Whilst the 
simulation of the previous section would provide potential users with insight into which 
conditions to drive their SLECOPS scan, this section discusses the reality of doing so. 
 
From the previous chapter, we recall that the narrow-ridge device achieved its maximum 
scan range of over one pulse cavity roundtrip period under the following conditions: a 
repetition rate 𝑓𝑟𝑒𝑝 = 5.07𝐺𝐻𝑧, a repetition rate tunability ∆𝑓 = 10𝑀𝐻𝑧, and a PDL of 
length 𝑙 = 25𝑚 and refractive index 𝑛 = 1.46. Using expression (40) this gave rise to a 
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total scan range of ∆𝑡 = 239.5𝑝𝑠, capable of demonstrating two cross-correlations in one 
scan due to the ~200ps roundtrip period. 
 
Applying this information to the SLECOPS technique, we may calculate the operational 
parameters. Firstly, the number of points is found to be 𝑁𝑆𝐿𝐸𝐶𝑂𝑃𝑆 = 𝑎 = 617 using 
expression (47). Next, the step-size is calculated as 𝛿𝑡 = 390𝑓𝑠 using expression (41). 
Finally, according to (44) the scan rate associated with such a scan is 𝑟𝑆𝐿𝐸𝐶𝑂𝑃𝑆 = 8.26𝑀𝐻𝑧, 
corresponding to a real-time sample interval equivalent to 𝑇𝑃𝐷𝐿 = 121𝑛𝑠. 
 
If we take the example of a 1MHz square wave, this means that the square repetition rate 
modulation in the long arm of such a system will be delayed by 121ns with respect to the 
square repetition rate modulation in the short arm, see  Figure 5-20. 
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Figure 5-20 – Diagram showing a square wave change in repetition rate of 10MHz. The PDL has caused a 
phase shift between the repetition rates found in the long and short arms, during which scanning occurs, 
and outside of which dead time occurs. 
 
As can be seen, a 1MHz square wave corresponds to a half period of  
𝑇𝑠𝑞
2
= 500𝑛𝑠 leading 
to a dead-time of 379ns where no scanning can occur. There are a number of methods in 
which this dead-time can be avoided. 
 
Firstly, and most obviously, the square wave frequency could be increased to satisfy 
expression (43), where the square wave period 𝑇𝑠𝑞 = 2𝑇𝑃𝐷𝐿 = 242𝑛𝑠, corresponding to a 
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square wave modulation of 4.13MHz. This would maximise the scan rate by reducing 
dead-time, whilst having no effect on other parameters such as scan range, step-size or 
the number of points contributing to the scan, see Figure 5-21. 
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Figure 5-21 – Diagram showing how a sufficiently short square wave period reduces the dead-time of the 
SLECOPS scan, ensuring maximum and minimum repetition rates are always alternately present at the 
detector position, as the PDL has phase shifted the square waves in each arm by one half period. 
 
Another method of reducing dead-time is to increase the length of PDL such that it 
increases from the 121ns calculated to match that of the 500ns half-period of the square 
wave. This method comes with a number of pros and cons. In terms of cons, the fibre 
would have to be extended to a length of around 100m in order to achieve this, 
quadrupling the length which (for the example of the narrow-ridge MLLD) in chapter 4 had 
already begun to show signs of quality reduction, timing jitter and dispersion. 
Furthermore, according to expression (40), lengthening the fibre will of course lengthen 
the scan range. In this case, however, the maximum usable scan range has already been 
exceeded - the roundtrip period. Therefore, as much as this would reduce unusable dead 
time and replace it with pseudo-usable (largely unecessary) scan time, this would give 
multiple full roundtrip period scans in one modulation square wave, and each successive 
scan will be more susceptible to the described adverse effects than the last. 
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This unnecessary scan time may be overcome by simply reducing the repetition rate 
tunability by a factor of 4, such that ∆𝑓 = 2.5𝑀𝐻𝑧; in other words increasing the PDL 
length by four times whilst reducing the repetition rate tunability by four times. This leads 
to a number of advantages. Although the adverse effects of a longer PDL will persist, the 
step-size will reduce by a factor of 4, giving 𝛿𝑡 = 97.5𝑓𝑠 and therefore increasing 
resolution. Considering, for example, the linear cross-correlations acquired for OSBERT 
scans in the previous chapter had durations of around 10ps, this resolution is significantly 
more appealing than the previous step-size of 390fs.  
 
Additionally, if we consider an MLLD as the source laser, in terms of a square wave bias to 
the absorber section, if a lower Δf is used, this represents using a lower range of reverse 
bias characteristics within the MLR (Mode-Locking Region), meaning the pulse and 
spectral characteristics associated with the maximum and minimum repetition rate will be 
more similar in value than a wider Δf. This is in fact another major advantage of SLECOPS 
over OSBERT; whilst OSBERT cross-correlates one characteristic through another in step-
wise fashion throughout the MLR upon each small increment of the reverse bias, SLECOPS 
allows only two pulse characteristics to interfere at once, eliminating all the wide ranges in 
pulse duration, peak and average powers and optical spectra used to acquire each 
successive point. In reality, we have seen degradations to a sine wave OSBERT modulation 
at 1MHz, and considering the additional frequency components required to construct a 
square wave, it is likely that these would distort, and so lower scan rates (and potentially 
longer PDL lengths) may have to be used. 
 
As an additional example from the literature, in [62] the PDL length l used in the OSCAT 
setup is 2.02km equivalent free-space which has a temporal delay TPDL of 6.73µs, and a 
pulse index of a = 1682, equivalent to the number of data points. Performing a SLECOPS 
scan with such a long PDL according to expression (44) would require a square wave 
modulation whose frequency was 1/𝑇𝑠𝑞 = 74.2kHz in order to satisfy expression (43). The 
maximum useable scan range Δt of the 𝑓𝑟𝑒𝑝 = 250MHz laser used is the roundtrip period 
of 𝑇 = 1/𝑓𝑟𝑒𝑝= 4ns. According to expression (40) this would require a repetition rate 
tunability Δf of only 148.6kHz to achieve, giving rise to a step-size of δt = 2.37ps. One of 
the longest PDL lengths successfully used in an OSCAT setup has been 10km [145], which 
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with a temporal delay of 33µs would require a square wave modulation of 15kHz, giving 
rise to a scan rate of 15kHz. 
 
In terms of intra-cavity repetition rate tuning using a mechanical piezo electric actuator, 
frequency bandwidths of a few kilohertz to a few tens of kilohertz are common, for which 
PDL lengths would likely need to be in the order of several kilometres. As this technology 
develops, bandwidths of hundreds of kHz are being realised [58, 146], and could 
significantly reduce the length of PDL required.  
 
5.5. Conclusions 
In conclusion, the concept of a second ‘virtual’ laser constructed from a length of PDL and 
square wave repetition rate modulation originating from the physical source laser was 
discussed. Groundwork theory was derived which provides a mathematical connection 
between the ASOPS, ECOPS and OSCAT methods, culminating in a new theoretical model 
for a unique optical sampling technique: SLECOPS. 
 
The potential for increased scan rates among other advantages as a result of the 
technique are suggested, as well as the limitations of practically implementing such a 
system. In particular, in the case of an electrically modulated MLLD-based SLECOPS 
scanner, applying a high-speed square wave modulation may be possible but the results 
are potentially highly dependent upon the dynamics of the laser itself. In the case of 
commercially available lasers with repetition rates which are tunable using mirrors 
mounted on piezo electric actuators, there may be a limit on scan rates which would 
require long PDL lengths. However, considering timing jitter, dispersion, and the resultant 
practically accessible scan resolutions, the choice of PDL length and repetition rate 
tunability is clearly non-trivial. 
 
Interestingly it may be possible in the future to take advantage of the ‘virtual laser’ 
premise to separate other output characteristics from one laser and combine them in the 
alternating fashion described by SLECOPS. For example in the case of MLLDs whose optical 
spectra may be varied by varying the bias conditions [6, 147] (demonstrated in chapter 2). 
If instead of using the PDL to delay a repetition rate, either using a continuous wave or 
mode-locked output, two wavelengths could be separated by extremes of biasing 
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conditions (of either the gain or the absorber sections) and directed towards the target, 
see Figure 5-22 
 
 
Figure 5-22 – Diagram which represents a modification of SLECOPS which may allow any tunable 
characteristic, such as the output wavelength, to be alternately combined from one laser into a detector. 
 
With sufficient wavelength tunability, this technique could be deployable in two-colour 
optical sampling techniques [47], or simply as a means to filter out the pump beam from 
the detection in pump-probe spectroscopy by utilising finely tuned spectral filters which 
allow only the probe beam to  be detected. 
 
Ultimately, SLECOPS theoretically represents a possibility for typically two-laser optical 
sampling systems such as ASOPS and ECOPS to be performed using only one laser at 
potentially far greater scan rates provided the desired scan range is less than the laser’s 
roundtrip period. It also has the potential to improve upon the OSBERT technique because 
only two pulse characteristics (two reverse bias values within the MLR) are ever used in 
one scan, rather than a wide range. In addition, SLECOPS offers highly customisable scans, 
where the optimum combination of PDL length and repetition rate tunability allows for 
simple and effective control of the scan range, scan rate and scan resolution, whilst 
reducing dead-time.  
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For clarity and quick reference the potential advantages and disadvantages of SLECOPS 
over contending optical sampling systems is summarised, see Figure 5-23. 
 
 SLECOPS 
Potential Advantages 
SLECOPS 
Potential Disadvantages 
Comparison 
Technique 
ASOPS 1 Laser over 2 
Reduced Dead-Time 
Faster Scan Rates 
 
 
Long PDL leading to greater jitter 
Long PDL leading to dispersion 
 
ECOPS 1 Laser over 2 
Faster Scan Rates 
 
OSCAT 
 
 
Faster Scan Rates 
 
 
May require even longer PDLs 
(scan rate, range and resolution 
dependent) OSBERT Only two characteristics 
interfered when using MLLDs 
Applicable to any tunable laser 
 
Figure 5-23 – Summary of the potential advantages and disadvantages of SLECOPS over contending optical 
sampling techniques. 
 
As is anticipated, due to SLECOPS essentially being a hybrid technique of ASOPS and 
OSCAT type techniques, its disadvantages over ASOPS and ECOPS, and over OSCAT and 
OSBERT respectively are identical.  
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6. SUMMARY AND FUTURE OUTLOOK 
In this chapter, the final conclusions on the project are drawn and discussed, whilst 
suggestions for future development of the work are provided. The conclusions and 
discussions here may be contrasted with the research goals outlined in Chapter 1. 
 
6.1. Project Summary & Conclusions 
In this project, novel high speed optical ampling techniques were developed using two-
section quantum dot passively mode-locked laser diodes.  
 
As outlined in the introduction, a number of techniques exist which compete for 
increasing scan rates and optimum scan ranges. Whilst OSCAT and ECOPS are ultimately 
limited by mechanical parts, both ASOPS and ECOPS were limited by the fact they require 
two (often expensive) pulsed lasers within a complicated setup. The combination of pros 
and cons between each technique therefore provided the ultimate motivation for this 
project; to develop a technique which required only one laser, in particular a compact and 
inexpensive MLLD. Additionally, this technique would require absolutely no moving parts 
to function within an optical sampling context. And finally, on top of these improvements, 
the newly developed technique would be capable of competing with the others in terms 
of scan rate.  
 
Firstly the OSBERT method (Optical Sampling By Electronic Repetition-rate Tuning) has 
been demonstrated, and to my knowledge is the first demonstration of a single, quantum 
dot, passively mode-locked, two-section semiconductor laser diode in such an optical 
sampling configuration, where scanning is achieved electrically via reverse biasing the 
absorber section within an imbalanced interferometer setup. A proof of principle 
demonstration was set up for displacement measurements at scan rates of 10kHz, where 
target displacements between 100µm and 1.0mm were detected at 2m and 25m optical 
fibre distances (effective free-space distances of over 3m and 36m respectively including 
the free-space components), exhibiting accuracies to within ~10µm and ~100µm 
respectively. The maximum usable scan range (the roundtrip period of a ~5GHz repetition 
rate laser, ~200ps) was also realised by utilising the maximum available combination of 
electronic repetition rate tunability and passive delay line length. Additionally, 
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demonstrative cross-correlations were acquired at up to 1MHz scan rates, demonstrating 
great potential for real-time scanning. All scans were performed by modulating the 
electrical biases applied to a single quantum dot semiconductor passively mode-locked 
laser diode, with absolutely no mechanical parts required whatsoever. Referring to the 
original Figure 1-12, which in Chapter 1 plotted a selection of the scan rates and scan 
ranges achieved by the existing optical sampling techniques, an overall summary of the 
achievements of OSBERT found throughout the project are now superimposed 
respectively in Figure 6-1.  
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Figure 6-1 – Referring to the original Figure 1-12, the summary of the project is illustrated here. In 
particular, OSBERT has been accurately demonstrated to 10kHz scan rates, for scan ranges accessed by the 
use of increasing passive delay line lengths between 1m and 25m, with demonstrative cross-correlations 
acquired at up to 1MHz.  
 
As can be seen, OSBERT has been accurately demonstrated experimentally as a contender 
to all the major techniques, sitting at the top end of the scan rates presented from the 
literature, where the cross-correlations acquired at megahertz scan rates are displayed for 
the potential of the technique. Though the scan range (competing with OSCAT and ECOPS) 
was selectable by the repetition rate tunability and PDLs available, it was ultimately 
limited practically by the 200ps roundtrip period of this particular laser. As such, lower 
repetition rate MLLDs (particularly external cavity MLLDs) could provide scan ranges 
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exhibited by ASOPS if necessary. With first demonstration limitations in mind, the primary 
research goals of this project were ultimately met. 
 
A second technique, SLECOPS (Single-Laser Electronically Controlled Optical Sampling), 
was developed from first principles, and although theoretically well suited to the electrical 
tunability of MLLDs, it is attractive because it is potentially suited to any type of laser 
whose repetition rate may be tuned via square wave modulation, and as such may be 
adopted by a variety of laser systems and their respective optical sampling requirements. 
SLECOPS is of particular interest due to the novelty of its ability to perform asynchronous-
type scanning (such as that shown by ASOPS or ECOPS) using only one laser instead of 
two, owed to the concept of the virtual laser. Cross-correlations were simulated under 
various theoretical conditions in order to show the ability to select the scan range, scan 
rate and step-size depending on the requirements of the study, particularly the available 
repetition rate tunability, PDL length and the practical feasibility in square wave 
modulation. 
 
The summary and primary advantages and disadvantages of SLECOPS and OSBERT are 
finally tabulated and compared with those in the literature, see Figure 6-2.  
 
In conclusion, SLECOPS and particularly OSBERT sit well within the state of the art optical 
sampling techniques as reasonable contenders. The ability to select the scan range 
through the optimum combination of amplitude of repetition rate modulation and passive 
delay line length, alongside the competitive scan rates pave the way for such ultrafast 
semiconductor passively mode-locked laser diodes to be deployed in fast, low-cost and 
compact optical sampling systems such as the pump probe spectroscopy approach 
adopted in biomedical microscopy, imaging and other sensing applications. With the wide 
array of wavelengths, peak powers, repetition rates and pulse durations of MLLDs 
available, this has essentially opened up the potential for reducing the costs and 
complexities demonstrated within the current trends, and since both linear (SPA) and non-
linear (TPA) techniques were demonstrated (and contrasted with conventional mechanical 
translation stage methods), there is great potential for cutting edge optical sampling 
techniques, particularly if amplification and pulse compression techniques were built into 
the setup.  
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Scan rate 
dictated by: 
 
Scan range 
dictated by 
 
Advantages 
 
Disadvantages Technique 
 
OSBERT Ability to fast-
modulate reverse 
bias to absorber 
section 
- repetition rate f 
- repetition rate 
tunability Δf 
- PDL length l 
- 1 Laser 
- Fast Scan Rates 
- Inexpensive MLLD 
- Scan range 
customisable 
- No mechanical parts 
- long PDLs lead to 
dispersion and jitter 
issues 
 
SLECOPS - PDL length 
- Ability to 
modulate repetition 
rate via square 
wave 
- repetition rate f 
- repetition rate 
tunability Δf 
- PDL length l 
- 1 Laser 
- Fast Scan Rates 
- Scan range 
customisable 
 
- long PDLs lead to 
dispersion and jitter 
issues 
 
Translation 
Stage 
 
The mechanical 
speed of a physical 
motor 
The length of the 
translation stage 
- 1 Laser 
- Simple setup 
-Scan range 
customisable 
- Low scan rates 
limited by mechanical 
parts 
ASOPS 
 
 
The offset Δf 
between both 
lasers 
The roundtrip period 
T = 1/f 
- Fast scan rates and 
long scan ranges 
(depending on laser 
characteristics) 
- No mechanical parts 
 
- 2 Lasers 
- Double Costs 
- Complex phase-
locking system 
-Scan range not 
customisable 
ECOPS 
 
 
The fraction of 
roundtrip period T = 
1/f selected by the 
offset Δf between 
both lasers 
The offset Δf between 
both lasers 
- Fast scan rates and 
long scan ranges 
(depending on laser 
characteristics) 
-Scan range 
customisable 
- 2 Lasers 
- Double Costs 
- Complex phase-
locking system 
- limited by 
mechanical parts 
OSCAT 
 
 
Intracavity mirror 
motor speed 
- repetition rate f 
- repetition rate 
tunability Δf 
- PDL length l  
- 1 Laser 
- Scan range 
customisable 
 
- long PDLs lead to 
dispersion and jitter 
issues 
- limited by 
mechanical parts 
OSREFM 
 
 
The ability to 
modulate the 
repetition rate and 
the carrier 
dynamics of the 
material concerned  
- repetition rate f 
- repetition rate 
tunability Δf 
- PDL length l 
- 1 Laser 
- Inexpensive SLD 
- Scan range 
customisable 
- No mechanical parts 
 
- Complex phase 
locking electronics 
- low scan rates 
demonstrated 
- High pulse to pulse 
timing jitter 
Figure 6-2 – OSBERT and SLECOPS are added to the summary of optical sampling techniques with respect 
to the original Figure 1-11, including how in each case the scan rate and scan range are determined, and 
the relative advantages and disadvantages of each system. 
 
6.2. Suggestions for Future Investigations 
Though the major goals of the project were met, a number of investigations could follow 
the successes and limitations of the project, in order to address some of their respective 
challenges and potential which were discussed throughout the thesis. 
 
For OSBERT, though a number of devices were tested with varying degrees of repetition 
rate tunability Δf (two of which were included in the thesis) and paired with various 
lengths of passive delay line l, the magnitude of the β-ratio, Δf/frep was still relatively small 
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due to the MLLDs high repetition rates frep. The scan range scales with this ratio and with 
the length of passive delay line, however increasing l can increase the cumulative jitter 
and thus decrease the reliability of the system. It would therefore be a significant step to 
modify the system such that an external cavity was used; not in order to mechanically 
tune the repetition rate as in OSCAT or ECOPS, but instead to set the fundamental 
repetition rate to a few hundred megahertz which could then still be electronically tuned 
by varying the biasing conditions. A longer external cavity will reduce the repetition rate, 
and thus increase the β-ratio, decreasing the required length of fibre and thus decreasing 
both adverse dispersion and jitter effects in the system. 
 
An illustrative demonstration of Fast-OSBERT as an optical sampling technique for non-
linear optics would highlight its attractiveness. Whilst TPA traces were acquired for Slow-
OSBERT, it would be interesting to see how effectively the second order cross-correlation 
traces could be realised at fast scan rates as compared to the linear interferometric traces 
which were acquired. In particular, a benefit of FOSBERT over SOSBERT was in fact the 
ability to finely tune the alignment of the system in real time. During SOSBERT scans, only 
small methodical adjustments could be made to the beam alignment between the optical 
components and the detector, followed by a full scan, followed by further adjustments 
between scans until the signal was as optimised as possible. This laborious process could 
be significantly reduced from tens of minutes to mere seconds whilst scanning even at a 
few Hz, watching the signal improve in moments and finely tuning the alignment of the 
system. If this were applied to the tapered waveguide device and the TPA traces, the 
quality could have improved and a greater peak to baseline ratio could have been found. 
 
A parametric study of repetition rate tunability brought on by reverse bias, forward 
current and temperature could help categorically determine the exact mechanism 
involved. Several devices could be tested which are identical in all but one key feature per 
set of devices, for example gain to absorber length ratios, device structure (both physical 
and chemical), quantum wells, dashes and dots as the active medium etc. Additionally, 
when the tunability across reverse bias, forward current and temperature are known, it 
could be possible to simultaneously modulate all three to optimise the tunability per volt, 
per amp and per degree centigrade and reduce the knock-on effects to the other 
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parameters such as pulse duration, peak and average powers and central output 
wavelength – in essence to stabilise the tuned output. 
 
An investigation in the loss in repetition rate tunability amplitude would be a great 
advantage to the project, as the source in not currently understood. Higher bandwidth 
detectors, cables and driving equipment may aid in this, or at least in realising more 
fringes at faster scan rates. Additionally, if the high speed RF Analyser had been available 
throughout the project, it would have been useful to begin the project from the outset 
knowing the reduction in tunability and applying it directly during each experiment. 
 
Also, a broader study of the jitter in the system would be hugely beneficial, particularly 
the pulse-to-pulse jitter brought on by increasing the PDL length. A comparison of RMS 
jitter could also be included if a high resolution RF Analyser with a timing jitter module 
was made available, as this is a useful characteristic to be able to quote. 
 
It would be more ideal to use PDLs of several kilometres, and study the effects of both 
dispersion and jitter in order to determine the reality of implementing MLLDs in such a 
system. Dispersion compensating measures could be implemented in the form of 
dispersion-compensating fibres or post-fibre compensation. In addition, the pulses could 
potentially be compressed in order to compete with the femtosecond pulse duration of 
commercial systems, and the power amplified (for example using an SOA). 
 
Steps may also be taken to minimise the design of OSBERT. For example, the translation 
stage is not required to provide temporal scanning; it merely facilitates the ability to 
demonstrate standard translation stage scans within the same study. Using the 25m PDL 
was sufficient to provide the maximum scan range in excess of the roundtrip period, and 
therefore a scan would always be present on the oscilloscope in the context of a cross-
correlation, regardless the offset between long and short arms. This means that in fact 
both arms could consist of specially designed lengths of coiled fibre if the beam splitters 
were replaced with fibre mating sleeves, see Figure 6-3. With any combination (or indeed 
an array) of two-section passively mode-locked laser diodes of various wavelengths, 
repetition rate tunabilities, pulse durations and optical powers, an OSBERT device could 
be designed much like that of the Tera-OSCAT [148] produced by Menlo Systems. 
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Figure 6-3 – Above, OSBERT as has been presented in this project. Below, OSBERT as could be realised 
when both arms are combined in an entirely fibre-optic design. 
 
Finally, though it was out-with the scope of the project, a practical test of the SLECOPS 
technique would need to be carried out in order to confirm the theoretical basis. Ideally 
this could be done with both a tunable MLLD and with a commercial solid state system 
with motorised repetition rate control for comparison. An investigation into the practical 
issues surrounding fast square waves applied to the system should be carried out, as well 
as a parametric study of various PDL lengths, square wave periods and repetition rate 
tunabilities.  
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7. APPENDICES 
7.1. Chapter 1 Appendices 
7.1.1. Optical Sampling Systems 
The tabulation of optical sampling techniques used to generate Figure 1-12. Note that 
whilst other works are discussed throughout the thesis, only those which had a clear scan 
range and scan rate value are tabulated here and plotted in Chapter 1 and Chapter 6. 
OSCAT 
Ref Laser f 
(Hz) 
Δf 
(Hz) 
tpulse 
(fs) 
λ 
(nm) 
Scan 
Range 
(ps) 
Pav 
(mW) 
ldelay 
fibre 
(m) 
Scan Rate 
(Hz) 
[60] Menlo 
Systems 
M-Comb 
Fibre  
250E6 0.0035E6 63 1560 1.0 600 14.4  128 
 
[62] Menlo 
Systems 
M-Comb 
Fiber 
250E6 0.14864E6 700 1560 33.33  32 2020 100 
 
[24] Yb-Doped 
Fibre  
 
1000E6 ~10E6 95 1038 250 30 266.5 300 
[149] Menlo 
Erbium 
Fibre 
100E6 0.325E6  1550 325  20 0.057 
[145] Menlo 
Erbium 
Fibre 
 
100E6 0.0005E6 40000 1550 240  10000 20 
[148] Menlo 
TERA 
OSCAT 
250E6 2E6 90 1560 40  50  200 
[150] Fibre 
Menlo 
Systems  
250E6  0.0035E6 80 1550 5  80 120 
 
OSREFM 
Ref Laser f 
(Hz) 
Δf 
(Hz) 
tpulse 
(fs) 
λ 
(nm) 
Scan 
Range 
(ps) 
Pav 
(mW) 
ldelay 
fibre 
(m) 
Scan Rate 
(Hz) 
[71] GSLD into 
fibre 
 
39.72E6 0.5E6 200 775  313 15 7.5 100 
[72] GSLD into 
fibre 
 
39.72E6 0.5E6 200 775  313 15 7.5 3.33 
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ASOPS17 
Ref Laser f 
(Hz) 
Δf 
(Hz) 
tpulse 
(fs) 
λ 
(nm) 
Scan 
Range 
(ps) 
Pav 
(mW) 
Scan Rate 
(Hz) 
[151] Nd:YAG 
Dye 
82E6 0.01E6 15000 
1000 
532 
600 
12200 400 
85 
10E3 
[45] Ti:Saph 1000E6 0.005E6 1000 800 1000  5E3 
[152] Dual ML Fibre 15.753170E6 
15.752704E6 
0.000466E6 1.56 
1.15 
1532 
1554 
63000 0.504 
0.029 
0.466E3 
[46] Ti:Saph 1000E6 0.011E6 30 820 1000 500 11E3 
[153] Ti:Saph 1000E6 0.002E6 40 800 1000  2E3 
[154, 
155] 
Dual Fibre  250E6 0.00005E6 50 1550 4000 500 0.05E3 
[156] Menlo ASOPS 
C-Fibre 
100E6 0.02E6 150 
110 
1560 
780 
10000 30 
65 
10E3 
[144] Nd:YAG  
Ti:Saph  
78E6 
78E6 
0.0108E6 28000 
14 
266 
800 
13700 2000 
400 
10.8E3 
[51] Ti:Saph 80E6 80 100 800 12000 1000 
500 
0.08E3 
[47] Ti:Saph 76E6 230 300 800 13000  0.23E3 
 
[157] Ti:Saph 125.13E6 29.93 10 800 8000 500 0.02993E3 
 
[158] Ti:Saph 1000E6 0.009E6 30 830 1000 500 9E3 
 
[159] Ti:Saph 1000E6 0.005E6  790 
810 
1000 100 
10 
0.005E3 
[160] Ti:Saph 800E6 0.005E6 50 790 
820 
1250 70 
5 
5E3 
 
[48] Ti:Saph 100E6 20 20 
10 
800 10000  0.02E3 
[161] VECSEL  
Ti:Saph 
1000E6 
1000E6 
0.01E6 370 1048 
825 
333 12 
900 
10E3 
[162] Ti:Saph 1000E6 0.005E6 35 800 1000 700 5E3 
 
[163] Ti:Saph 1000E6 0.005E6 45 800 1000 800 5E3 
 
[49] Ti:Saph 100E6 0.00002E6 10  10000  0.02E3 
 
[164] Er Fibre 56.124E6 5 50 1550 17000  0.005E3 
 
[25] Ti:Saph 1000E6 0.002E6 40  1000 650 2E3 
 
[165] Ti:Saph 956E6 10000 50 800 1046 600 10000 
 
[50] Yb:KYW 48E6 0.0005E6 330 1027 20833 1000 0.5E3 
 
 
 
 
                                                     
17
 Note, where information regarding both pump and probe lasers is clearly known (or where they differ 
from each other), they are included as two characteristics in the same cell. 
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ECOPS 
Ref Laser f 
(Hz) 
tpulse 
(fs) 
λ 
(nm) 
Scan 
Range 
(ps) 
Pav 
(mW) 
Scan Rate 
(Hz) 
[166] Er Fibre 100E6 300 1550 800  0.1E3 
 
[167] Ti:Sapp 100E6 10 800 77  1E3 
 
[57] Er Fibre 100E6 140 1560 180 80 8E3 
 
[168] fs fibre 100E6 50 1560 60 8.4 0.492E3 
 
[169] Er Fibre 
(Toptica) 
82E6  1550 75  0.02E3 
 
 
7.2. Chapter 2 Appendices 
7.2.1. Thermal Expansion 
The thermal expansion of Gallium Arsenide [170]  was calculated in order to determine if 
the increase in the length L of the laser cavity could lead to the extent of repetition rate 
tunability found in the temperature study. We know the repetition rate 𝑓𝑟𝑒𝑝 to be given by 
 
 
𝑓𝑟𝑒𝑝 =
𝑐
2𝑛𝐿
=
1
𝑇𝑟𝑒𝑝
 
(60) 
 
Where c is the speed of light in vacuum, n is the refractive index of the material and 𝑇𝑟𝑒𝑝 is 
the roundtrip period. Thus if the length L of the internal cavity were to change by 𝛥𝐿 then 
the resultant repetition rate would tune by 𝛥𝑓𝑟𝑒𝑝 such that 
 
 
𝛥𝑓𝑟𝑒𝑝 =
𝑐
2𝑛𝐿
−
𝑐
2𝑛(𝐿 + 𝛥𝐿)
=
𝑐
2𝑛
(
1
𝐿
−
1
𝐿 + 𝛥𝐿
) 
(61) 
 
Conversely, if we have a known repetition rate tunability we may find by how much the 
internal cavity length may have changed 
 
 
𝛥𝐿 =
𝐿 ∙ 𝑐
𝑐 − 𝐿 ∙ 2𝑛 ∙ 𝛥𝑓𝑟𝑒𝑝
− 𝐿 =
𝐿2 ∙ 2𝑛 ∙ 𝛥𝑓𝑟𝑒𝑝
𝑐 − 𝐿 ∙ 2𝑛 ∙ 𝛥𝑓𝑟𝑒𝑝
 
(62) 
 
For our device, we have a length of 8.00mm and refractive index n = 3.5, therefore a 
tunability of 1MHz would correspond to lengthening the internal cavity by ~1.5µm. In fact 
we know from Chapter 2 that the repetition rate tunes by ~3.5MHz over a temperature 
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increase of 8°C. Therefore proportionally we would expect this to be representative of a 
5.25µm change in length. Assuming a linear thermal expansion coefficient 𝛼𝐿 of 
6.0 × 10−6 [171] for near-room temperature operation of GaAs we know 
  
 𝛥𝐿 = 𝛼𝐿𝛥𝑇𝐿 (63) 
 
This change in temperature would only correspond to a change in length of 0.38µm, which 
would only give rise to a repetition rate tunability of ~0.25MHz. In conclusion, though the 
repetition rate change will likely in part be due to thermal expansion, it does not account 
for the entire tunability which was found by over an order of magnitude. Therefore, other 
influences such as those brought about by pulse shaping and carrier dynamics, are the 
likely major cause. 
 
7.3. Chapter 4 Appendices 
7.3.1. Linear Version of Contour Plot 
A linear version of the logarithmic plot is shown in order to visually demonstrate the 
periodic relationship between scan range, scan rate and passive delay line length. 
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Figure 7-1 – Linear (non-logarithmic) version of the contour plot showing the consequences of increasing 
the driving (modulation) frequency for increasing passive delay line lengths using the full 10MHz 
repetition rate tuning characteristics of the narrow-ridge device. 
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7.3.2. Tunability and electrical calibration for 220mA forward current 
The repetition rate tunability for reverse bias and the electrical calibration under the 
220mA forward current regime as compared with the 210mA regime. 
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Figure 7-2 - Repetition rate tunability for reverse bias under the 220mA regime compared to the 210mA 
regime. 
 
The linear fit of the repetition rate tunability (Hz) in the 220mA gives the relationship for 
reverse bias in volts 
 
 𝒇𝒓𝒆𝒑 = −2.81176 × 10
6𝑽 + 5.09215 × 109 [𝐻𝑧] (64) 
 
The electrical calibration for use with the signal generator under the 220mA regime is then 
compared with the 210mA regime with a linear fit. 
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Figure 7-3 – Voltage experienced by the absorber for the voltage set in both the 210mA and 220mA 
forward current regimes. 
193 
 
 
The linear fit for the 220mA regime as used in the deconvolution of the OSBERT target 
displacement scans is thus 
 
 𝑽𝒆𝒙𝒑 = 0.88649𝑽𝒔𝒆𝒕 − 0. 25809 [𝑉] (65) 
 
These expressions were used for the deconvolution of any OSBERT study conducted whilst 
the forward current setting was 220mA. 
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